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ABSTRACT 
 
Retrieving information enhances subsequent recall of that information.  This testing effect has 
been demonstrated with a wide range of learning materials in both the laboratory and the 
classroom.  But the benefits of testing are limited in two important ways, particularly with regard 
to the implementation of self-testing in the classroom: 1) self-testing is ineffective if learning 
conditions are especially difficult and 2) learners tend to make poor decisions when self-
regulating retrieval practice.  The experiments reported in this dissertation evaluate scaffolded 
retrieval techniques that were designed to enhance learning under very difficult learning 
conditions, and, consequently, expected to foster more judicious decision making when allowing 
learners to self-regulate their termination of retrieval practice.  In our first set of experiments, we 
evaluate the benefits of diminishing-cues retrieval practice (DCRP), a scaffolded retrieval 
technique that places increasingly greater retrieval demands on learners as practice progresses.  
Relative to standard retrieval practice, DCRP benefits memory in very difficult learning 
conditions; furthermore, DCRP is just as effective as standard retrieval practice under conditions 
that also yield strong testing effects.  In the second set of experiments, we evaluate the benefits 
of adaptive-cues retrieval practice, a scaffolded technique that adapts to an individual’s 
moment-to-moment ability such that retrieval demands are higher for better-learned items.  
Relative to DCRP, which offers rigidly structured scaffolding, the additional flexibility of ACRP 
extends the benefits of testing to an even greater degree.  Finally, in our third set of experiments, 
we allowed learners to decide when to end practice when engaged in standard retrieval practice 
versus DCRP or ACRP.  Despite the enhanced practice performance offered by DCRP and 
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ACRP, learners did not practice items for longer in these conditions relative to standard retrieval 
practice.  
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CHAPTER 1: INTRODUCTION 
 
In 1885, Hermann Ebbinghaus published the first systematic analysis of learning and 
memory.  Using himself as his only subject, he evaluated his learning, retention, and forgetting 
of nonsense syllables and poetry stanzas.  In the course of his experiments, he noted that 
distributing a given number of learning sessions over a period of days resulted in relearning that 
was just as rapid as completing a larger number of practice trials in a single session.  He 
concluded that “with any considerable number of repetitions a suitable distribution of them over 
a space of time is decidedly more advantageous than the massing of them at a single time” 
(Ebbinghaus, 1885/1964, p. 89).  Ebbinghaus (1885/1964) thus provided the first documentation 
of the spacing effect, or the phenomenon whereby repeated presentations enhance memory more 
if they are spaced (e.g., studying class notes today and then again tomorrow) rather than massed 
(e.g., studying class notes twice in a row).  The spacing effect has since proven to be a robust and 
oft-replicated effect (for reviews see Carpenter, Cepeda, Rohrer, Kang, & Pashler, 2012; Cepeda, 
Pashler, Vul, Wixted, & Rohrer, 2006; Dempster, 1989) and is a mainstay of introductory texts 
on learning and memory.  Ebbinghaus’s (1885/1964) discovery was the first in what is now a 
long tradition of investigations of memory-enhancing techniques.  A particular class of 
techniques employ distributed practice, or the general principle of ensuring practice exposures 
happen at temporally disparate points rather than all at once.  We will briefly review three such 
techniques—spacing, interleaving, and testing—before turning our focus specifically to testing. 
Researchers took a keen interest in the spacing effect almost immediately following its 
discovery (see Ruch, 1928, for a review of early studies).  Through the 1970s, most spacing 
effect studies used simple stimuli such as single words (e.g., Madigan, 1969), word pairs (e.g., 
Glenberg, 1976), and sentences (Rothkopf & Coke, 1966).  Learning of more complex materials, 
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such as text passages (English, Wellborn, & Killian, 1934; Glover & Corkill, 1987) and lectures 
(Glover & Corkill, 1987) also benefit from spaced practice, as does native language vocabulary 
learning (Dempster, 1987; Reynolds & Glaser, 1964; Sobel, Cepeda, & Kapler, 2011), 
mathematical learning (Gay, 1973; Pyle, 1913; Rickard, Lau, & Pashler, 2008; Rohrer & Taylor, 
2006), second language learning (Bahrick, 1979; Bahrick & Phelps, 1987; Bahrick, Bahrick, 
Bahrick, & Bahrick, 1993; Bird, 2010), and the acquisition of basic reading skills (Seabrook, 
Brown, & Solity, 2005).  Finally, past research has also shown that the benefits of spacing extend 
to learners of all ages, including infants (Cornell, 1980), young children (Cahill & Toppino, 
1993; Rea & Modigliani, 1976; Son, 2010; Toppino, 1991, 1993; Toppino & DiGeorge, 1984), 
middle- and high-school students (Gay, 1973; Reynolds & Glaser, 1964; Seabrook et al., 2005), 
and older adults (Balota, Duchek, & Paulin, 1989). 
In the course of investigating the spacing effect, an additional phenomenon came to light: 
the lag effect.  The lag effect refers to the tendency of longer lags (the delay between repetitions) 
to promote performance relative to shorter lags (D’Agostino & DeRemer, 1973; Gartman & 
Johnson, 1972; Glanzer, 1969; Madigan, 1969; Melton, 1967, 1970).  The durability of the lag 
effect was best demonstrated in a series of studies by Bahrick (1979; Bahrick & Phelps, 1987; 
Bahrick et al., 1993) who showed that test performance following retention intervals ranging 
from 30 days to 8 years benefitted most from the longest of lag manipulations.  Importantly, lag 
interacts with retention interval such that the optimal lag for a shorter retention interval is shorter 
than the optimal lag for a longer retention interval (Balota, Duchek, & Paulin, 1989; Cepeda, 
Vul, Rohrer, Wixted, & Pashler, 2008; Glenberg, 1976; Kahana & Howard, 2005).  For example, 
Glenberg (1976) had learners perform study and test trials for word pairs using a continuous 
paired associate procedure; that is, study and test trials for all items were interleaved so that the 
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lag between study repetitions or between a second repetition and a final test was filled with study 
and test trials for other pairs.  Learners studied repetitions after 0, 1, 4, 8, 20, or 40 intervening 
events and were tested after 2, 8, 32, or 64 intervening events.  For each final test lag, from 
shortest to longest, performance peaked after 4, 8, 20, and 40 intervening items, and then 
declined in the 2- and 8-intervening-events conditions.  These data suggest that longer spacing 
benefits longer, but not shorter, retention intervals, and that more spacing is therefore not always 
better. 
A related phenomenon, interleaved practice, was introduced in the late 1970s (Shea & 
Morgan, 1979).  Interleaved practice is often implemented for learning complex tasks such as 
timed motor movements (e.g., Simon & Bjork, 2001) or choosing appropriate mathematical 
formulas (e.g., Rohrer & Taylor, 2007).  The complexity of such tasks warrants many exposures 
over the course of a practice session; these exposures are most beneficial if they are interleaved 
among exposures to other tasks (e.g., for task set [A, B, C]: A, B, A, C, B, C) rather than blocked 
(e.g., A, A, B, B, C, C).  The benefits of interleaved practice were first noted by motor learning 
researchers using basic motor tasks (Lee & Magill, 1983; Shea & Morgan, 1979; see Brady, 
1998 for a review).  Subsequent studies found that interleaved practice also benefitted applied 
motor tasks such as badminton serves (Goode & Magill, 1986), batting (Hall, Domingues, & 
Cavazos, 1994), kayak rolling (Smith & Davies, 1995), knot tying (Ollis, Button, & Fairweather, 
2005), and rifle shooting (Boyce & Del Rey, 1990).  More recently, interleaved practice has been 
evaluated for purely cognitive tasks such as learning rules of logic (Carlson & Yaure, 1990), 
category learning (Birnbaum, Kornell, Bjork, & Bjork, 2013; Carvalho & Goldstone, 2014a, 
2014b, 2015, 2017; Kang & Pashler, 2012; Kornell & Bjork, 2008a; Wahlheim, Dunlosky, & 
4 
 
Jacoby, 2011), and mathematical learning (Rohrer, Dedrick, & Burgess, 2014; Rohrer, Dedrick, 
& Stershic, 2015; Rohrer & Taylor, 2007; Taylor & Rohrer, 2010). 
 Shortly after the discovery of the spacing effect, in the early twentieth century, 
researchers began to investigate the benefits of retrieving information following an initial study 
presentation rather than studying that information once again (Abbot, 1909; Gates, 1917).  Today 
the mnemonic enhancement of retrieval relative to restudy is called the testing effect.  The testing 
effect continued to be an area of inquiry in the years following its discovery (e.g. Jones, 1923; 
Spitzer, 1939; Tulving, 1967; Thompson, Wenger, & Bartling, 1978; Glover, 1989; Carrier & 
Pashler, 1992; Wheeler, Ewers, & Buonnano, 2003).  A comprehensive review of testing effects, 
and new experiments demonstrating the remarkably potent benefits of testing versus restudying 
materials, both provided by Roediger and Karpicke (2006a; 2006b), galvanized interest in the 
testing effect over a decade ago, and to this day it remains a ubiquitous topic in the memory 
literature.  The benefits of retrieval practice are robust and wide-ranging.  Consider the various 
stimuli for which testing has been shown to improve learning: single words (e.g, Carpenter & 
DeLosh, 2006; Hogan & Kintsch, 1971; Karpicke & Roediger, 2007b; Thompson, Wenger, & 
Bartling, 1978; Wheeler et al., 2003), word pairs (e.g., Carpenter, 2009; Cull, 2000; Jacoby, 
1978; Kuo & Hirshman, 1996; Pyc & Rawson, 2010; Toppino & Cohen, 2009), text passages 
(Glover, 1989; Roediger & Karpicke, 2006b), and nonverbal materials, such as maps (Carpenter 
& Pashler, 2007; Carpenter & Kelly, 2012) and unfamiliar foreign language characters (Kang, 
2010).  Testing also benefits learning for tasks that are often encountered in daily life, such as 
remembering names (Landauer & Bjork, 1978; Carpenter & DeLosh, 2005) and translations of 
foreign words (Carpenter, Pashler, Wixted, & Vul, 2008; Carrier & Pashler, 1992; Karpicke & 
Roediger, 2008; Toppino & Cohen, 2009). 
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The recent boom in retrieval practice research can be attributed in part to the potential to 
enhance classroom instruction.  Few memory techniques have demonstrated such robust effects 
across different tasks and stimuli, and, indeed, the past decade has seen a rise in applied as well 
as basic research on testing effects.  For example, McDaniel, Anderson, Derbish, and Morissette 
(2007) found that frequent in-class quizzes improved final exam performance in a college course 
versus restudying the quizzed material (see also Leeming, 2002).  Middle- and high-school 
students have also been shown to benefit from intermittent quizzing versus alternative in-class 
activities (McDermott, Agarwal, D’Antonio, Roediger, & McDaniel, 2014; see also Carpenter, 
Pashler, & Cepeda, 2009; McDaniel, Agarwal, Huelser, McDermott, & Roediger, 2011; 
Roediger, Agarwal, McDaniel, & McDermott, 2011).  Importantly, regular in-class quizzing 
benefits performance on exam items that are not identical to previous quiz questions, suggesting 
that testing fosters generalized knowledge and not simple question-answer associations 
(McDaniel, Thomas, Agarwal, McDermott, & Roediger, 2013; see also Chan, McDermott, & 
Roediger, 2006; Jacoby, Wahlheim, & Coane, 2010).  Testing also improves retention over 
highly recommended educational techniques, such as concept mapping (Karpicke & Blunt, 
2011), and researchers have begun pushing for more testing in the classroom as a means of 
enhancing learning (e.g., Benjamin & Pashler, 2015; Pashler et al., 2007). 
 All three training regimens discussed here (spacing, interleaving, and testing) entail at 
least two exposures to a stimulus distributed across time.  (Testing is not usually categorized as a 
distributed practice regimen, but past studies have demonstrated that testing effects diminish 
with shorter lags between initial study and retrieval practice [Pyc & Rawson, 2009; Pyc, Balota, 
McDermott, Tully, & Roediger, 2014; Rawson, Vaughn, & Carpenter, 2015], which suggests an 
important role of practice distribution.)  Theoretical accounts of these effects have differed on 
6 
 
exactly why these distributed exposures are helpful.  One important distinction along which these 
theories may be classified is their reliance on a mediating effect of forgetting.  The valuable role 
of forgetting in learning is well established (for reviews see Bjork, 1975; Bjork, 1988; Bjork, 
1994; Bjork, 2011; Bjork & Bjork, 1992).  Theories that include a role of forgetting argue that 
distributed practice is valuable to the extent that it induces greater forgetting between repetitions, 
and this forgetting allows for more substantive relearning opportunities than would be afforded 
by massed practice (e.g., Benjamin & Tullis, 2010; Lee & Magill, 1985; Pyc & Rawson, 2009).  
In contrast, other theories place less focus on the role of forgetting, arguing instead that 
distributed practice has a direct benefit on memory traces by encouraging elaborative rehearsal 
or generating more contextual cues (e.g., Estes, 1955; Karpicke, Lehman, & Aue, 2014; Shea & 
Morgan, 1979). 
Reminding Theory 
 One forgetting-based account that has successfully accounted for the benefits of 
distributed practice is reminding theory (Benjamin & Tullis, 2010).  It was put forth to explain 
phenomena in the spacing literature, but, as will be shown later, its principles hold for testing 
effects as well.  Reminding theory posits that the difficulty involved in retrieving a stimulus 
determines its later retention (see, e.g., Carpenter, 2009, and Karpicke et al., 2014, for postulated 
mechanisms that link retrieval difficulty to enhanced retention).  Thus, to a degree, spacing 
should benefit learners when it results in more forgetting between repetitions rather than less.  In 
addition to the benefits of spacing, reminding theory also predicts costs: as more forgetting 
occurs, successful reminding is less likely, and unsuccessful reminding yields no retention 
benefits.  Thus, spacing could harm learners if it generates too much forgetting.  (In contrast, 
non-forgetting-based theories, unless modified, cannot easily predict a cost of distributed 
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practice; rather, they would argue for as much distribution as possible.)  Furthermore, under the 
assumption that reminding retards forgetting in addition to enhancing memory, the 
aforementioned interaction between lag and retention interval is easily explained. 
Extending reminding theory to testing effects 
 The principles of reminding theory also explain findings from the testing effect literature.  
For example, testing effect studies manipulating retention interval have revealed an interaction 
between practice type and retention interval (e.g., Roediger & Karpicke, 2006b, Wheeler, Ewers, 
& Buonnano, 2003). This interaction is similar to the lag-by-retention-interval interaction (e.g., 
Glenberg, 1976) in the spacing literature: in both cases, deeper levels of retrieval (induced by 
longer lags in the case of spacing and by retrieval practice in the case of testing) yield benefits at 
longer retention intervals but not at shorter retention intervals.  Thus, testing entails the same 
tradeoff as spacing: greater memory enhancement comes with less retrieval success, and vice 
versa.  The testing effect literature is sensitive to this trade-off, particularly with the bifurcation 
model of testing effects (Kornell, Bjork, & Garcia, 2011; see also Halamish & Bjork, 2011).  The 
bifurcation model posits that restudy offers a collective but modest mnemonic boost to restudied 
items, and a substantial boost to tested items—but only for those items that are successfully 
retrieved (thus, following retrieval practice, the set of tested items is bifurcated into those items 
that are successfully recalled and those that are not).  The tradeoff between retrieval success and 
memory strengthening is therefore well accounted for by the bifurcation model.   
Although the bifurcation model explains the tradeoffs of testing, it is mute as to the 
underlying mechanisms; it argues only that testing will generally strengthen memories more than 
restudy.  In contrast, reminding theory predicts that memory strengthening is directly related to 
retrieval difficulty, and so tests will benefit learning to varying degrees based on the amount of 
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retrieval that they necessitate.  Additional data from the testing effect literature has confirmed 
this prediction of reminding theory.  For example, retrieving words (e.g., cabin) with less 
assistance (e.g., c____) benefits memory more than retrieving with more assistance (e.g., c_b_n; 
Carpenter & DeLosh, 2006).  Critically, this finding obtains even when cue assistance is 
experimentally manipulated, thereby ruling out differential trace strengths as a potential 
explanation.  Manipulating the length of time between study and retrieval practice, as well as the 
number of mandatory practice retrievals, reveals that harder conditions (more time between 
study and practice tests; fewer practice retrievals) benefit memory more than easier conditions 
(Pyc & Rawson, 2009).  In an expanding retrieval practice paradigm (discussed more thoroughly 
in Chapter 2) items that were initially tested at a very short interval and then at subsequently 
longer intervals did not benefit relative to items that were tested at regular intervals, ostensibly 
because the early first test in the expanding condition was itself too shallow and furthermore 
rendered subsequent retrieval attempts too easy (Karpicke & Roediger, 2007). 
The Costs of Testing 
 The tradeoff between retrieval success and memory enhancement reveals an important 
boundary condition for the benefits of testing.  Specifically, if a learner is struggling and retrieval 
success is very low, then very few items will be strengthened.  In this case, a learner might be 
better off restudying all items to ensure at least some benefit for more items.  A recent meta-
analysis on the testing effect revealed evidence for such a boundary condition: In conditions 
where initial retrievability is less than 50% and learners do not receive item-by-item feedback, 
the testing effect is absent (Rowland, 2014).  This important cost of testing has received almost 
no attention in the testing effect literature.  Discussion of the drawbacks of testing rather tends to 
focus on issues such as perseverance of retrieval errors (Henkel, 2007; McDermott, 1996, 2006), 
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costs of exposure to test lures (Butler, Marsh, Goode, & Roediger, 2008; Roediger & Marsh, 
2005), or retrieval-induced forgetting (Anderson, Bjork, & Bjork, 1994), where retrieval of some 
information impairs retention of related material that is not retrieved.   
 The experiments presented here sought to mitigate the costs of testing under difficult 
learning conditions.  As testing is increasingly advocated by researchers as an important 
instructional tool in classrooms (Benjamin & Pashler, 2015; Pashler et al., 2007), it is important 
that the disadvantages of testing can be addressed to better serve the learning of students of all 
skill levels in learning conditions of various difficulty.  To that end, we evaluate in this 
dissertation modified retrieval practice techniques that are designed to offset the costs of testing 
while still capitalizing upon its benefits.  In Chapter 2, we evaluate the benefits of a learning 
technique that incorporates scaffolding into testing.  In Chapter 3, we evaluate the benefits of a 
scaffolded technique that adapts to learners’ abilities.  In Chapter 4, we assess whether the 
techniques evaluated in Chapters 2 and 3 enhances learners’ self-regulated practice. 
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CHAPTER 2: EVALUATING DIMINISHING-CUES RETRIEVAL PRACTICE 
  
Considering the importance of retrieval effort along with the costs of retrieval failures, it 
follows that learners who practice retrieval need to successfully retrieve in order to benefit, but 
successful retrieval should also be difficult.  Thus, an ideal retrieval attempt entails a delicate 
balance: practice must be simultaneously difficult and successful; if an attempt is too difficult, or 
too easy, then retrieval practice is suboptimal.  One way to generate appropriately difficult 
practice conditions is with scaffolding (Wood, Bruner, & Ross, 1976), an instructional technique 
that requires learners to complete only the elements of a task that they are currently prepared to 
complete, and provides tutors—or computer programs, in our case—to assist learners with more 
difficult aspects of the task.  As practice progresses, assistance is gradually withdrawn until the 
learner can complete a task entirely on her own.  The application of scaffolding to a retrieval task 
is straightforward if we consider the achievable aspects of a task to be the limited portion of a 
stimulus that a learner can retrieve now, and the unachievable aspects the more complete 
retrieval that a learner cannot presently execute. 
 Past research has demonstrated the benefits of incorporating scaffolding into learning 
regimens.  Work with example problems in mathematics and science instruction has found that 
“fading” examples, by removing steps from worked-out problems, promotes learning more than 
having learners restudy intact examples (Atkinson, Renkl, & Merril, 2003; Renkl, Atkinson, & 
Grosse, 2005).  Similarly, mathematics examples that progress from concrete to abstract benefit 
learning more than concrete or abstract examples alone (Fyfe, McNeil, & Borjas, 2015; Fyfe, 
McNeil, Son, & Goldstone, 2014; McNeil & Fyfe, 2012).  In the motor learning literature, 
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providing progressively less feedback over the duration of practice results in better learning than 
consistently provided feedback (Winstein & Schmidt, 1990; Wulf & Schmidt, 1989).   
Scaffolding Retrieval Practice 
 To our knowledge, only one previous study has evaluated the benefits of scaffolded 
retrieval within a testing effect paradigm (Smith, Blunt, Whiffen, & Karpicke, 2016).  In that 
experiment, learners read educational texts and completed two study-practice cycles.  The types 
of practice engaged could be free recall, prompted recall (where learners were asked to 
remember specific ideas from the text), or, as a control activity, an unrelated video game.  In 
addition to the control condition, free recall and prompted recall were orthogonally crossed 
between-subjects to create four additional groups: one practiced free recall in both practice 
sessions, one practiced prompted recall in both sessions, one practiced free recall and then 
prompted recall, and one practiced prompted recall and then free recall.  This last group was the 
scaffolded condition.  On a 1-week retention test, scaffolded retrieval was no more helpful than 
any of the other retrieval practice conditions relative to the control group.  While this finding 
suggested little benefit to scaffolding retrieval, a potential shortcoming of this study is that 
scaffolded retrieval did not appear to alleviate any task difficulties during practice—practice 
performance was no better in the scaffolded condition relative to the group that practiced free 
recall in both practice sessions.  Because the scaffolding manipulation was ineffective, these 
findings should therefore be interpreted with caution. 
Expanding retrieval practice 
 Aside from Smith and colleague’s (2016) experiment, most attempts to incorporate 
scaffolding into retrieval practice have done so using expanding retrieval practice (see Logan & 
Balota, 2008, for a review).  Expanding retrieval practice aims to combine the mnemonic 
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benefits of testing effects and spacing effects into a single technique; it does so by 1) granting 
learners multiple retrieval practice opportunities and 2) gradually increasing the lag between 
those retrievals.  Previous work has demonstrated that the benefits of spacing extend to testing 
(Pashler, Zarow, & Triplett, 2003; Modigliani, 1976; Whitten & Bjork, 1977).  Furthermore, the 
long-term benefits of tests are correlated with the amount of retrieval necessary at the time of test 
(Gardiner, Craik, & Bleasdale, 1973), and effortful retrieval conditions support long-term 
retention (Carpenter & DeLosh, 2006; Pyc & Rawson, 2009).  Given these data, and the 
principles of reminding theory discussed earlier (Benjamin & Tullis, 2010), it follows that one 
way to capitalize on the benefits of repeated testing is to gradually increase the spacing between 
tests to ensure sufficient difficulty as learners’ memory is strengthened from previous retrievals. 
Landauer and Bjork (1978) were the first to demonstrate the benefits of expanding 
retrieval practice.  Learners practiced first-last name pairs three times.  Some items were 
practiced on a uniform schedule (where, for example, an item was tested after five intervening 
items), an expanding schedule that maintained the average number of intervening items in the 
uniform conditions (continuing the example, learners would test after 1, 4, and 10 intervening 
items), or a contracting schedule (learners would test after 10, 4, and 1 items).  The critical 
comparison was between the uniform, expanding, and contracting schedules that were matched 
on the average number of intervening items (4 and 5).  Collapsing across the intervening items 
manipulation, items that were practiced on an expanding schedule were better remembered than 
items practiced on a uniform or contracting schedule.  This finding suggested that expanding 
intervals between retrieval attempts were beneficial to learning, but later attempts at replicating 
the benefits of expanding retrieval practice yielded inconsistent, and sometimes contrary, effects 
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(Cull, 2000; Cull, Shaughnessy, & Zechmesiter, 1996; Karpicke & Roediger, 2007; Logan & 
Balota, 2008). 
Some of the inconsistency in replicating the benefits of expanding retrieval practice may 
be explained by the difficulty of the task used.  Storm, Bjork, and Storm (2010) found that 
expanded retrieval practice was more beneficial than uniform retrieval practice, but only when 
learners were exposed to highly interfering materials during the lag between retrieval attempts.  
This finding suggests that when materials are easily forgotten, and retrieval is therefore made 
more difficult, expanding retrieval practice will be beneficial.  Likewise, expanding retrieval 
practice has been shown to be more beneficial to learners who are struggling with a task relative 
to learners who are not (Cull, Shaughnessy, & Zechmeister, 1996, Experiment 4).  Scaffolding 
retrieval is therefore not a guaranteed means of making retrieval practice more effective because 
it may risk facilitating retrieval at the expense of sacrificing valuable effortful processing. 
Reduced cue support 
Another approach to scaffolded retrieval involves removing cue assistance during 
practice.  The notion of reducing cue assistance to enhance learning was discussed as early as 
1932 by H. L. Hollingworth, who noted that, to promote learning, one had to “[f]irst discover 
what antecedents are now required to provoke the desired consequent…[t]hen proceed to effect a 
reduction in the scope of this antecedent until the expedient degree of cue reduction is achieved.”  
Later, Skinner (1958) wrote of the importance of eliciting from students the same correct 
response with progressively less support.  He argued that reduced cuing could be used in the 
service of shaping students to provide the desired response to some educational problem, such as 
a mathematical equation.   
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Skinner’s (1958) advocacy of errorless learning achieved through reduced cuing inspired 
a rehabilitative technique, called vanishing cues, for severely memory-impaired learners (Glisky, 
Schacter, & Tulving, 1986a, 1986b; Glisky & Schacter, 1987, 1988a, 1988b, 1989; Thoene & 
Glisky, 1995).  For example, Glisky et al. (1986a) had four amnesic patients learn computer 
terms and their definitions (e.g., “programs that computers carry out - software”); learners were 
cued with the definition and asked to produce the term.  Half of the items were practiced with 
retrieval plus feedback, and half were practiced using vanishing cues.  This latter condition 
worked as follows: On the first practice trial for a given term, learners had to provide a response.  
If incorrect, they received one letter of the term and were prompted to guess again.  Learners 
continued to guess until they could produce the term or until the entire term was displayed.  The 
next practice trial included one fewer letter than the learner had needed on the previous trial.  A 
correct response meant that an additional letter would be dropped in the next round; an incorrect 
response meant a letter would be added.  Learners practiced each item until they could recall the 
term with no assistance.  Vanishing cues benefitted 6-week retention and transfer relative to 
retrieval plus feedback.  Furthermore, forgotten test items required less cue support to be 
recovered if they were practiced with vanishing cues. 
 Finley, Benjamin, Hays, Bjork, and Kornell (2011) evaluated a technique that was similar 
to Glisky and colleagues’ (1986a) vanishing cues, but their goal was improving retention among 
non-impaired college students.  Their technique was called diminishing-cues retrieval practice 
(DCRP).  Learners in their experiment studied English-Iñupiaq word pairs (e.g., tea-saiyu).  The 
practice phase consisted of six rounds.  Items were assigned to three practice conditions: restudy, 
where learners saw the complete word pair and were asked to type in the Iñupiaq target; DCRP, 
where learners initially saw the complete pairs during the first practice round, but then letters 
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were randomly omitted one at a time over the course of subsequent rounds; and accumulating 
cues, where learners initially saw none of the target word and letters were randomly added one at 
a time over the course of subsequent rounds.  On a test taken 24 hours after the practice session, 
performance was best in the DCRP condition, followed by restudy, and worst in the 
accumulating condition.  A follow-up experiment included item-by-item feedback, and here 
DCRP and accumulating cues both benefitted memory more than restudy to approximately the 
same degree. 
 Importantly, Finley et al. (2011) did not evaluate DCRP relative to standard retrieval 
practice.  Given that retrieval may be an ineffective, or even harmful, intervention in certain 
conditions (Kornell, Bjork, & Garcia, 2011; Rowland, 2014) and that testing has experienced 
increased advocacy as an instructional tool (Benjamin & Pashler, 2015; Pashler et al., 2007), 
extending the benefits of retrieval practice to a wide range of learner skill and task difficulty is of 
paramount importance.  We therefore wanted to evaluate Finley et al.’s (2011) DCRP against 
standard retrieval practice to assess whether DCRP might extend the benefits of retrieval to 
conditions where testing is normally ineffective.  The benefits of DCRP relative to testing would 
hinge on the extent to which DCRP would strike the balance in generating successful retrieval 
and eliciting effortful retrieval.  As previously noted, scaffolding can be an effective means of 
enhancing instruction (e.g., Fyfe et al., 2014), but it is not beneficial if it overly facilitates 
acquisition (e.g., Storm, Bjork, & Storm, 2010).  Thus, whether the benefits of DCRP would 
supersede those of standard retrieval practice was very much an open question. 
Our first three sets of experiments evaluated the benefits of DCRP, standard retrieval 
practice, and restudy.  These experiments are reported in Fiechter and Benjamin (2017) in an 
abridged format; they are presented in greater detail here.  We generated three sets of learning 
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conditions; each was expected to have a higher probability of yielding a testing effect than the 
one before it.  We expected no testing effects in our first learning scenario, where we withheld 
feedback and initial retrievability was less than 50% (Hedges’ g = 0.03, according to Rowland’s 
[2014] meta-analysis).  Our second learning scenario was expected to have a higher probability 
of yielding a testing effect.  We continued to withhold feedback in our second learning scenario, 
but now initial retrievability was greater than 50% (g = 0.29).  In our third scenario, retrievability 
was once again less than 50%, but we now provided learners with feedback after each practice 
trial.  We anticipated robust testing effects in this third scenario (g = 0.99). 
 In addition to our three learning environments, we also used a variety of stimuli over the 
course of the experiments presented in Chapter 2 (English-Iñupiaq pairs, low-association English 
pairs, and Swahili-English pairs), manipulated the retention interval (10 minutes, 24 hours, and 1 
week), and varied the number of study exposures (1–3) and practice rounds (1–6).  A summary 
of the features of each experiment is provided in Table 1.  The motivations for each of these 
variations are laid out in the methods sections. 
Experiment 1A 
 The aim of Experiment 1A was to evaluate the benefits of DCRP under the same 
conditions used in Finley et al. (2011).  We therefore used a 10-minute retention interval, and, in 
lieu of an accumulating cues condition, we instead used a standard retrieval practice condition. 
Method 
 Subjects.  We recruited 60 participants from Amazon’s Mechanical Turk service.  This 
sample size was the result of a power analysis conducted with the aim of replicating, with 80% 
power, the effect size of DCRP over restudy observed by Finley and colleagues (2011).  The 
median age for these participants was 36 years.  The age range was 21 to 76 years. 
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 Design.  We used a 3-level (practice method: DCRP vs. retrieval practice vs. restudy) 
within-subjects design. 
 Materials.  Our stimuli were the 12 English-Iñupiaq word pairs (e.g. tea - saiyu) from 
Finley et al. (2011).  All targets in these pairs are five letters long. 
 Procedure.  Subjects initially studied each word pair over three rounds.  Item 
presentation in each round was in the same randomly determined order.  After studying, subjects 
completed a 60-second go/no-go distractor task where they saw a series of letters presented one-
at-a-time in the center of the screen at variable speeds; their task was to press the space bar after 
each letter, unless that letter was an “X.”  We scored this distractor to motivate subjects to 
perform well and to discourage rehearsal of the items that they had just studied. 
After the distractor task, subjects completed six rounds of practice on the English-Iñupiaq 
pairs.  Three groups of four pairs were randomly assigned to the restudy, retrieval practice, or 
DCRP condition.  In the restudy condition, participants saw the complete word pair and were 
asked to type the target.  In the retrieval practice condition, subjects were provided only the 
English cue and asked to provide the Iñupiaq target (or a “?” if they could not remember).  In the 
DCRP condition, subjects saw the complete pair in the first practice round, just as in the restudy 
condition; however, in the next round a letter was randomly omitted from the target.  Subsequent 
rounds omitted an additional letter of the Iñupiaq target so that, by the sixth round, subjects saw 
only the English cue and had to retrieve the entire Iñupiaq target.  Practice followed a pre-
determined schedule that was designed under the initial constraint that no more than two items 
from each condition appear in each half of the initial practice round.  Subsequent practice rounds 
had the same constraint; furthermore, the presentation order of items practiced in each half of the 
initial practice round was preserved in subsequent practice rounds.   
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After completing the practice phase, subjects once again performed the go/no-go 
distractor task for 10 minutes.  Following completion of the distractor, they completed the test 
phase, where they were shown the English cues from each pair in a random order and asked to 
provide the Iñupiaq target.  All participants were thanked and debriefed following completion of 
the test. 
Results 
 We initially analyzed our results using null hypothesis significance testing (NHST).  We 
later switched from NHST to Bayesian analyses, which have the advantage of evaluating 
evidence in favor of both the null and alternative hypotheses (Gallistel, 2009).  We used 
Bayesian t-tests (Rouder, Sun, Speckman, & Morey, 2009) to obtain a Bayes Factor, which is a 
ratio of evidence for competing hypotheses.  All Bayes Factors reported here will be in terms of 
evidence favoring the alternative; values greater than 1 indicate a preponderance of evidence 
favoring the alternative, and values less than 1 indicate evidence favoring the null.  Following 
recommendations by Jeffreys (1961), we consider values greater than 3 to indicate some 
evidence, values greater than 10 to indicate strong evidence, and values greater than 30 to 
indicate very strong evidence.  For individual experiments in Chapter 1, we will also provide t 
and p values because it was those values that drove the interpretation of our data.  In all 
comparisons involving the restudy condition, we used one-tailed tests because we never expected 
restudy to be superior to either of our two retrieval-based practice conditions. 
 Results are plotted in Figure 1A.  As expected, initial retrievability in the retrieval 
practice condition was less than 50% (M = 0.23, SD = 0.33).  Test performance in the DCRP 
condition (M = 0.44, SD = 0.38) was similar to performance in the restudy condition (M = 0.40, 
SD = 0.38; t(59) = 0.97, p = 0.34, B10 = 0.37).  Performance in the retrieval practice condition (M 
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= 0.24, SD = 0.34) was inferior to both DCRP (t(59) = 5.56, p = 6.77 × 10-7, B10 = 2.27 × 104, d = 
1.02) and restudy (t(59) = 5.38, p = 0.99, B10 = 0.02). 
Discussion 
 As expected, under conditions where initial retrievability was low and learners were not 
provided feedback, we found evidence for no testing effect and an advantage for DCRP over 
testing.  Restudy was also vastly superior to retrieval; while we did not anticipate a reversed 
testing effect, this finding is not unprecedented at short retention intervals (e.g., Roediger & 
Karpicke, 2006b), where, according to the bifurcation model, the powerful but limited mnemonic 
boost conferred by retrieval may be outstripped by the weak but collective boost from restudy 
(Kornell, Bjork, & Garcia, 2011).  Importantly, the bifurcation model also predicts a substantial 
drop in performance for restudied items following a delayed versus immediate test.  We 
therefore next evaluated the benefits of DCRP at a longer, 24-hour retention interval.  We 
expected a substantial drop in performance for the restudy condition.  If DCRP was rendering 
retrieval attempts too easy, then we should see performance detriments similar to those 
anticipated in the restudy condition; however, if DCRP was encouraging sufficiently deep and 
effortful retrieval of items, then we should observe an advantage of DCRP relative to our other 
two practice conditions. 
Experiment 1B 
Method 
Subjects.  Because we were now running a two-day experiment, we initially recruited 80 
participants to complete Part 1, and, based on return rates from previous online studies of ours, 
we expected approximately 75% of subjects to return for Part 2.  In cases where fewer than 75% 
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returned, we recruited more subjects as needed until we had at least 60.  We followed this 
recruiting policy for the rest of the experiments in Chapter 2. 
We recruited 60 subjects from Amazon’s Mechanical Turk service.  The median age for 
all participants who completed the first day was 35 years; the age range was 21 to 66 years. 
 Materials, design, and procedure.  The materials, design, and procedure were identical 
to Experiment 1A, except we now had participants complete the final test 12 to 36 hours after 
completing Part 1. 
Results 
Results are plotted Figure 1B.  Once again, initial retrievability in the retrieval practice 
condition was less than 50% (M = 0.32, SD = 0.34).  Test performance in the DCRP condition 
(M = 0.34, SD = 0.37) was now superior to performance in the restudy condition (M = 0.22, SD = 
0.32; t(59) = 3.34, p = 0.001, B10 = 38.65, d = 0.62).  Test performance in the retrieval practice 
condition (M = 0.25, SD = 0.31) was inferior to DCRP (t(59) = 2.36, p = 0.02, B10 = 1.83, d = 
0.44) and approximately the same as restudy (t(59) = 0.73, p = 0.23, B10 = 0.28). 
Discussion 
 Once again, and as expected, we observed no testing effect.  Critically, the benefits of 
DCRP obtained even after a 24-hour retention interval.  We next evaluated the benefits of DCRP 
after a longer, 1-week retention interval.  Our motivation for the next experiment was the same 
as for Experiment 1B: we wanted to assess whether the benefits of DCRP relative to retrieval 
practice might ultimately reverse after a longer delay.  Recall that retrieval practice strengthens 
memory to the extent that retrieval is difficult; it may be that the increased ease of DCRP yields 
fleeting mnemonic benefits such that a longer retention interval will yield an advantage for 
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standard retrieval practice over DCRP.  However, if the memory-strengthening benefits of DCRP 
are durable, then DCRP should still be advantageous relative to testing. 
 
Experiment 1C 
 Experiment 1C sought to evaluate the benefits of DCRP at a longer retention interval 
(one week) than we used in our previous two experiments (10 minutes and 24 hours). 
Method 
 Subjects.  We recruited 66 subjects from Amazon’s Mechanical Turk service.  The 
median age for all participants who completed the first day was 40 years; the age range was 21 to 
74 years. 
 Design, materials, and procedure.  The design, materials, and procedure were identical 
to Experiments 1A and 1B except for our new one-week retention interval.  We contacted our 
participants one week after they completed Part 1 and gave them a 24-hour window to complete 
Part 2. 
Results 
Results are plotted in Figure 1C.  Once again, initial retrievability in the retrieval practice 
condition was less than 50% (M = 0.25, SD = 0.34).  Test performance in DCRP condition (M = 
0.23, SD = 0.35) was numerically superior to performance in the restudy condition (M = 0.19, SD 
= 0.35), though this difference was not convincing, t(65) = 1.62, p = 0.11, B10 = 0.88.  
Performance in the retrieval practice condition (M = 0.17, SD = 0.33) was inferior to DCRP, 
though this difference was only marginally significant (t(65) = 1.93, p = 0.06, B10 = 0.77, d = 
0.34).  Retrieval practice enhanced retention approximately the same as restudy (t(65) = 0.53, p = 
0.70, B10 = 0.09). 
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Discussion 
 Our data from Experiment 1C demonstrated the same trend that we had observed in our 
prior two experiments; specifically, we continued to find 1) no testing effect and 2) an advantage 
of DCRP over standard retrieval practice.  While the advantage of DCRP over standard retrieval 
was smallest in Experiment 1C, DCRP was no worse than retrieval practice after a 1-week 
retention interval, suggesting that the benefits of DCRP were robust enough under our difficult 
learning conditions that they were not disadvantageous relative to standard testing following 
substantial forgetting. 
 Because Experiments 1A–1C used an identical procedure apart from the delay between 
practice and the final test, we used the performance data from our first three experiments to plot 
a forgetting curve—displayed in Figure 2—over 10 minutes, 24 hours, and 1 week.  It is 
apparent from looking at Figure 2 that DCRP offers key advantages of both restudy and testing: 
DCRP is beneficial at short retention intervals, just as restudy is, but DCRP also incurs less 
forgetting over time, as does retrieval practice. 
 We next evaluated the benefits of DCRP with fewer rounds of practice.  Our previous 
experiments all used six rounds; doing so allowed us to omit letters from the Iñupiaq targets one 
at a time in the DCRP condition, and thus, we believed, yielded the highest probability of 
retaining information from practice round to practice round and, ultimately, the final test.  
However, we wanted to assess whether DCRP could still be effective with fewer practice rounds 
and, consequently, a faster rate of diminished assistance.  Our next experiment evaluated the 
benefits of DCRP with three rounds of practice instead of six. 
Experiment 1D 
Method 
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 Subjects.  We recruited 68 subjects from Amazon’s Mechanical Turk service.  The 
median age for all participants who completed the first day was 35 years; the age range was 22 to 
62 years.  
Materials, design, and procedure.  The materials design and procedure were similar to 
our previous experiment, with two noteworthy changes.  First, we went back to using a 24-hour 
retention interval.  (Our remaining experiments all used a 24-hour interval.)  Second, we now 
included only three rounds of practice instead of six.  To accommodate the fewer rounds of 
practice, the DCRP schedule now dropped one, three, and five letters over the three rounds. 
Results 
Results are plotted in Figure 1D.  Once again, initial retrievability in the retrieval practice 
condition was less than 50% (M = 0.25, SD = 0.31).  With fewer rounds of practice, test 
performance in the DCRP condition (M = 0.28, SD = 0.34) was now similar to performance in 
the restudy condition (M = 0.26, SD = 0.33; t(67) = 0.71, p = 0.48, B10 = 0.28).  Performance in 
the retrieval practice condition (M = 0.23, SD = 0.31) was inferior to DCRP (t(67) = 2.07, p = 
0.04, B10 = 0.98, d = 0.36) and approximately the same as restudy (t(67) = 1.12, p = 0.87, B10 = 
0.07). 
Discussion 
 After reducing the number of practice rounds from six to three, DCRP was still 
advantageous relative to standard retrieval (going by NHST) and we once again found no testing 
effect.  The primary motivation of the next experiment was to evaluate DCRP with only a single 
round of study and practice.  These conditions more closely approximate much of the testing 
effect literature and we wanted to ensure that our findings would extend to conditions under 
which testing is usually evaluated.  With only one practice attempt, items in the DCRP condition 
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would not ever be retrieved fully.  Thus, a second goal of our next experiment was to evaluate 
whether a full retrieval was necessary for DCRP to be effective. 
 
Experiment 1E 
Method 
 Subjects.  We recruited 64 subjects from Amazon’s Mechanical Turk Service.  The 
median age for all participants who completed the first day was 37 years; the age range was 21 to 
62 years.  
Design.  The design for Experiment 1E was the same as for Experiments 1A–1D. 
 Materials.  We suspected that the English-Iñupiaq pairs used in our previous 
experiments would be too difficult to retrieve after a single round of practice, and so we used a 
new set of stimuli: 60 low-association English pairs (i.e. chart - statistics).  All target words in 
this set were eight to ten letters long. 
 Procedure.  Subjects now studied 36 randomly selected word pairs for a single round in 
a randomly presented order.  Subjects also received only a single practice round.  Twelve pairs 
were randomly assigned to each of our three practice conditions; practice presentation order was 
randomized with the constraint that no more than two consecutive trials of the same practice 
condition could occur.  Because participants had only a single practice round, we adjusted the 
DCRP schedule to randomly omit five letters from each target word and have learners retrieve 
the remaining letters.  Unlike our previous experiments, learners did not retrieve the full target in 
the DCRP condition in Experiment 1E. 
Results 
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 Results are plotted in Figure 1E.  Once again, initial retrievability in the retrieval practice 
condition was less than 50% (M = 0.22, SD = 0.18).  Test performance in the DCRP condition 
(M = 0.35, SD = 0.21) was superior to performance in the restudy condition (M = 0.24, SD = 
0.20; t(63) = 4.69, p = 1.49 × 10-5, B10 = 2480.62, d = 0.83) and the retrieval practice condition 
(M = 0.24, SD = 0.20), t(63) = 4.31, p = 5.89 × 10-5, B10 = 347.01, d = 0.76).  Test performance in 
the retrieval practice condition was identical to restudy (t(63) = 0.00, p = 0.50, B10 = 0.14). 
Discussion 
 After allowing only a single round of practice, we found that DCRP was once again 
superior to standard retrieval practice—in spite of learners never recalling an entire target during 
practice—and that retrieval practice was not more beneficial than restudy.  Across our first series 
of experiments, we consistently found a performance advantage for DCRP relative to retrieval 
practice; we observed a numerical advantage for retrieval practice over restudy in only one 
experiment (1B). 
To evaluate the cumulative strength of our evidence, we combined the data from our first 
five experiments and calculated Bayes Factors from this combined data set.  We first fit a mixed-
effects model to our data, with random intercepts for each experiment and subject; the variance 
estimates from this model yielded t values that we then converted to Bayes Factors.  We found 
very strong evidence in favor of an advantage of DCRP over retrieval practice (B10 = 7.58 × 108, 
d = 0.57) and restudy (B10 = 4157.54, d = 0.39).  We also found very strong evidence against a 
testing effect (B10 = 0.02).  It thus appears that standard retrieval practice is ineffective under the 
difficult learning conditions that we established in our first five experiments, and that DCRP is 
effective when testing is not. 
Experiment 2A 
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 Our next two experiments evaluated the benefits of DCRP under easier learning 
conditions relative to our first series of experiments.  We now used stimuli that were expected to 
produce initial retrievability of more than 50%, and so should have a higher probability of 
producing a testing effect.  (We also continued to withhold feedback from learners.)  These 
experiments were expected to provide a more stringent test of DCRP’s benefits: not only were 
our easier items expected to benefit more from retrieval practice, they also increased the risk of 
DCRP overly facilitating practice and depriving learners of effortful retrieval.  
Method 
 Subjects.  We recruited 66 subjects from Amazon’s Mechanical Turk service.  The 
median age for all participants who completed the first day was 37 years; the age range was 21 to 
83 years. 
Design.  The design was the same as in our previous experiments. 
Materials.  Our stimuli were now 12 Swahili-English word pairs from Nelson and 
Dunlosky’s (1994) normed set.  We selected 12 pairs with five-letter targets that had the highest 
first-trial recall (we used second-trial recall in case of ties).  English targets should be easier to 
recall than the Iñupiaq targets from our first four experiments, and the shorter targets in these 
pairs should be easier to learn than the 8-10 letter targets in the low-association English pairs that 
we used in Experiment 1E (Baddeley, Thomson, & Buchanan, 1975).   
Procedure.  Because our new stimuli were easier to remember than the pairs used in our 
previous experiments, we gave our participants fewer study and practice rounds to avoid ceiling 
effects.  Through pilot testing, we determined that two study rounds and two practice rounds 
provided sufficient exposure to the stimuli.  The presentation of the stimuli at study and practice 
was implemented the same way as for the English-Iñupiaq pairs in Experiments 1A–1D.  In the 
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diminishing practice cues condition, target words were seen with two letters randomly dropped 
during the first round, and all letters dropped during the second round. 
Results 
 Results are plotted in Figure 3A.  Initial retrievability with our new stimuli was indeed 
higher than 50% (M = 62%, SD = 31%).  Test performance in the DCRP condition (M = 0.58, SD 
= 0.36) was superior to performance in the restudy condition, though this difference was only 
marginally reliable (M = 0.50, SD = 0.37; t(65) = 2.02, p = 0.05, B10 = 1.75, d = 0.35), and 
approximately the same as the retrieval practice condition (M = 0.57, SD = 0.35), t(65) = 0.24, p 
= 0.81, B10 = 0.14).  Performance in the retrieval practice condition was numerically superior to 
restudy, though this difference was also only marginally reliable (t(65) = 1.68, p = 0.05, B10 = 
0.97). 
Discussion 
 Experiment 2A yielded two novel data patterns that were not demonstrated in our 
previous experiments.  First, we observed an advantage of retrieval practice over restudy, though 
the evidential value of this testing effect was slight in light of NHST and Bayesian analyses.  
Second, we observed nearly equal performance between the DCRP and retrieval practice 
conditions.  Intrigued by these two novel data patterns, we next wanted to see if we could elicit 
both of our observed patterns in a single experiment, and also elicit a more powerful testing 
effect than the one observed in Experiment 2A. 
Experiment 2B 
Method 
 Subjects.  We recruited 184 subjects from Amazon’s Mechanical Turk service.  The 
median age for all participants who completed the first day was 36 years; the age range was 18 to 
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73 years.  Our larger sample size had two motivations:  First, we wanted to replicate the small 
testing effect that we observed in Experiment 2A; second, we wanted to increase the number of 
subject-level observations per condition since our number of items per condition was halved (see 
below for details). 
 Design.  Our design was now a 3 (practice condition: DCRP vs. retrieval practice vs. 
restudy) x 2(study presentations: 1 vs 3) within-subjects design.  We manipulated the number of 
initial study presentations in order to generate initial retrievability of less than 50% for half the 
items and greater than 50% for the other half. 
 Materials and procedure.  Our materials were the same as in Experiment 2A.  Half the 
items were randomly assigned to be studied once and the other half to be studied three times.  
We expected performance on the single-presentation items to be similar to the pattern that we 
observed in Experiments 1A–1E, and the three-presentation items to replicate the pattern 
observed in Experiment 2A.  Study was arranged into three rounds, with each round consisting 
of all the thrice-studied items and two randomly selected once-studied items.  All rounds 
followed the same randomly determined order, with different once-studied items occupying the 
same position over rounds.  Our implementation of DCRP was the same as in 2A. 
Results 
 Once-studied items.  Results are plotted in Figure 3B.  As expected, initial retrievability 
for the once-studied stimuli was lower than 50% (M = 0.38, SD = 0.39).  Just as we observed in 
our first series of experiments, test performance in the DCRP condition (M = 0.51, SD = 0.39) 
was superior to performance in the restudy condition (M = 0.39, SD = 0.39; t(183) = 3.80, p = 
1.98 × 10-4, B10 = 153.89, d = 0.40) and the retrieval practice condition (M = 0.36, SD = 0.39), 
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t(183) = 4.73, p = 4.50 × 10-6, B10 = 2691.90, d = 0.49).  Performance in the retrieval practice 
condition was similar to restudy (t(183) = 0.93, p = 0.82, B10 = 0.04).  
 Thrice-studied items.  As in Experiment 2A, initial retrievability for the thrice-studied 
items was higher than 50% (M = 0.67, SD = 0.41).  Test performance in the DCRP condition (M 
= 0.72, SD = 0.35) was superior to performance in the restudy condition (M = 0.57, SD = 0.39; 
t(183) = 4.95, p = 1.64 × 10-6, B10 = 1.40 × 104, d = 0.52) and the retrieval practice condition (M 
= 0.62, SD = 0.40), t(183) = 3.24, p = 0.001, B10 = 12.41, d = 0.34).  As with Experiment 2A, 
performance in the retrieval practice condition was superior to restudy, and this difference was 
now reliable (note that Bayesian analyses supported the null—t(183) = 1.74, p = 0.04, B10 = 0.69, 
d = 0.18). 
 Condition by study presentation interaction.  We also wanted to see if we would 
observe a condition by study presentation interaction such that performance in the retrieval 
practice condition benefitted more from additional study opportunities than in the other two 
conditions.  However, neither the difference in performance between DCRP (M = 0.21, SD = 
0.41) and retrieval practice (M = 0.27, SD = 0.42; t(183) = 1.25, p = 0.21, B10 = 0.18) nor restudy 
(M = 0.19, SD = 0.42) and retrieval practice (t(183) = 1.82, p = 0.07, B10 = 0.41) provided 
convincing evidence for this interaction. 
Discussion 
 Both the once-studied and the thrice-studied items resulted in performance similar to that 
observed in our first series of experiments; contrary to our expectations, we did not replicate the 
pattern observed in Experiment 2A with the thrice-studied items.  We instead once again found 
superior retention in the DCRP condition relative to the retrieval practice condition.  
Consequently, we failed to observe a practice condition by study exposure interaction that we 
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were also anticipating based on our previous experiments.  To evaluate the cumulative evidence 
gathered in these two experiments, we combined the data from Experiment 2A and the thrice-
studied items in Experiment 2B using the same procedure as before.  The amalgamated data 
revealed a convincing advantage for DCRP over retrieval practice (B10 = 6.18, d = 0.28) and 
restudy (B10 = 9.44 × 104, d = 0.48), and weak evidence in favor of a testing effect (B10 = 1.94, d 
= 0.20).   
Experiment 3A 
We next generated learning conditions that were expected to have the highest probability 
of yielding a testing effect.  The testing effect is most pronounced when initial retrievability is 
less than 50%—just as in our first series of experiments—and if learners are provided item-by-
item feedback (Rowland, 2014).  Our next set of experiments was therefore designed to pose the 
most stringent test of DCRP’s benefits relative to standard retrieval practice.  Because we were 
now providing feedback to our subjects, incorrect responses during retrieval practice would no 
longer be as costly as they were when we were withholding feedback—in fact, failed retrievals 
stood a good chance of benefitting retention now that they were followed up with feedback.  For 
example, Kornell, Hays, and Bjork (2009) had learners study questions about fictional events and 
their corresponding fictional answers (e.g., “Who shot a fig out of a tree with a crossbow in the 
11th century?”).  Some items were tested with feedback and other items were studied with the 
question and answer together.  Note that this paradigm guarantees unsuccessful retrieval in the 
test condition; even so, more tested items were remembered on a final test than were studied 
items.   
Kornell et al.’s (2009) findings suggest that standard retrieval practice stands to 
significantly benefit from the addition of feedback when initial retrievability is low.  On the 
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contrary, the enhanced retrieval success in DCRP would make it less likely to benefit from the 
addition of feedback.  If DCRP’s enhanced retrieval success is as much an asset as the 
opportunity to receive feedback following a failed retrieval, then we would expect DCRP to be at 
least as beneficial as standard retrieval practice.  However, if enhanced retrieval success is not as 
potent a learning event as failed retrieval plus feedback, then DCRP should be less beneficial 
than standard retrieval practice. 
Method 
 Subjects.  We recruited 66 subjects from Amazon’s Mechanical Turk service.  The 
median age for all participants who completed the first day was 40 years; the age range was 21 to 
69 years. 
 Design.  We once again used a 3-level (practice schedule: DCRP vs. retrieval practice vs. 
restudy) within-subjects design. 
 Materials.  Stimuli were the 12 English-Iñupiaq word pairs from Experiments 1A–1D. 
 Procedure.  Because subjects would be receiving feedback during the practice phase, we 
reduced the number of study and practice trials to avoid ceiling effects.  Subjects now studied 
each item only once in a randomly determined order.  Subjects received three rounds of practice; 
we implemented DCRP just as we did in Experiment 1D (dropping 1, 3, and 5 letters).  
Following each practice trial, subjects saw the complete word pair that they had just practiced, in 
red, for four additional seconds.  (In the restudy condition, this feedback amounted to four 
additional seconds of study time.) 
Results 
 Results are plotted in Figure 4A.  Initial retrievability was less than 50% (M = 0.14, SD = 
0.24).  Test performance in the DCRP condition (M = 0.37, SD = 0.36) was superior to 
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performance in the restudy condition (M = 0.30, SD = 0.37; t(65) = 2.04, p = 0.05, B10 = 1.82, d = 
0.35) and approximately the same as the retrieval practice condition (M = 0.42, SD = 0.37), t(65) 
= 1.43, p = 0.16, B10 = 0.35).  Performance in the retrieval practice condition was now superior to 
restudy (t(65) = 3.67, p = 2.49 × 10-4, B10 = 97.30, d = 0.64). 
Discussion 
 Under conditions that were expected to have the highest probability of yielding a testing 
effect, we observed the most convincing advantage yet of retrieval practice over restudy.  
Critically, performance in the DCRP condition was similar to the retrieval practice condition, 
suggesting that DCRP is not at a disadvantage relative to testing even in conditions where 
testing’s benefits are most robust.  We next evaluated whether DCRP might be equally beneficial 
under conditions where retrieval success in that condition was even higher.  Our motivation was 
once again to pit the enhanced retrieval success of DCRP against the opportunity to receive 
feedback following an unsuccessful retrieval in standard retrieval practice.  We therefore revised 
DCRP to drop 1, 2, and 3 letters over practice in an attempt to enhance retrieval success in that 
condition even more than in Experiment 3A. 
Experiment 3B 
Method 
 Subjects.  We recruited 60 subjects from Amazon’s Mechanical Turk service.  The 
median age for all participants who completed the first day was 39 years; the age range was 20 to 
71 years.  
Design, materials, and procedure.  The design, materials, and procedure of Experiment 
3B were identical to Experiment 3A except for the implementation of DCRP.  Rather than 
33 
 
dropping 1, 3, and 5 letters over the course of three practice rounds, we now dropped 1, 2, and 3 
letters. 
Results 
 Results are plotted in Figure 4B.  Initial retrievability was once again less than 50% (M = 
0.07, SD = 0.17).  Test performance in the DCRP condition (M = 0.22, SD = 0.27) was superior 
to performance in the restudy condition (M = 0.16, SD = 0.28; t(59) = 2.20, p = 0.03, B10 = 2.61, 
d = 0.40) and approximately the same as the retrieval practice condition (M = 0.26, SD = 0.31), 
t(59) = 1.43, p = 0.16, B10 = 0.37).  Performance in the retrieval practice condition was again 
superior to restudy (t(59) = 2.89, p = 0.003, B10 = 12.04, d = 0.53). 
Discussion 
 After altering the implementation of DCRP, we found the same pattern of results as in 
Experiment 3A.  However, our revised DCRP schedule did not enhance retrieval success (M = 
0.41, SD = 0.26) during practice relative to Experiment 3A (M = 0.39, SD = 0.28; B10 = 0.14), 
and so our similar results are not surprising.  To more effectively enhance retrieval success in 
DCRP, we next turned to the stimuli and procedure of Experiment 1E, where we had observed 
much higher retrieval success in DCRP (M = 0.79, SD = 0.18) relative to standard retrieval 
practice (M = 0.22, SD = 0.18).  Once again, our motivation was to assess any potential costs of 
enhanced retrieval success in DCRP relative to the benefits of failed retrieval followed by 
feedback in standard retrieval practice. 
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Experiment 3C 
Method 
 Subjects.  We recruited 63 people from Amazon’s Mechanical Turk service.  The median 
age for all participants who completed the first day was 36 years; the age range was 22 to 68 
years.  
Design, materials, and procedure.  The design, materials, and procedure were identical 
to Experiment 1E, except now subjects received feedback following each practice trial. 
Results 
 Results are plotted in Figure 4C.  Initial retrievability was once again less than 50% (M = 
0.27, SD = 0.19).  Test performance in the DCRP condition (M = 0.50, SD = 0.23) was superior 
to performance in the restudy condition (M = 0.32, SD = 0.23; t(62) = 7.56, p = 2.29 × 10-10, B10 
= 8.96 × 107, d = 1.35) and approximately the same as the retrieval practice condition (M = 0.49, 
SD = 0.24), t(62) = 0.29, p = 0.78, B10 = 0.14).  Performance in the retrieval practice condition 
was again superior to restudy (t(62) = 7.72, p = 5.97 × 10-11, B10 = 1.67 × 108, d = 1.38). 
Discussion 
 Even with massively disparate retrieval success (80% for DCRP versus 27% for retrieval 
practice), DCRP was still as beneficial as standard retrieval practice.  In every experiment where 
we provided subjects with feedback, we consistently found a testing effect and approximately 
equal performance between retrieval practice and DCRP.  These data suggest that enhanced 
retrieval success in DCRP is enough of an asset to counterbalance the reduced opportunity to 
benefit from feedback following failed retrievals.  Thus, there are few costs to engaging in 
DCRP even when testing is also extremely effective.   
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To evaluate our cumulative evidence, we combined the data sets from Experiments 3A–
3C using the procedure outlined for our first two series of experiments.  We found very strong 
evidence that retrieval practice was superior to restudy (B10 = 1.05 × 1010, d = 0.78) and that 
DCRP was superior to restudy (B10 = 9.85 × 105, d = 0.64).  The combined data also provided 
evidence in favor of no difference between DCRP and standard retrieval practice (B10 = 0.35). 
The Value of Diminishing Cues  
 Our first three sets of experiments yielded two findings of interest.  First, DCRP works 
when testing does not.  In Experiments 1A–1E, we found only a single numerical testing effect; 
in contrast, we consistently found an advantage of DCRP over standard retrieval practice.  We 
found hints of testing’s benefits in Experiments 2A–2B, where learning conditions were more 
likely to yield a testing effect, but DCRP still enhanced memory the most relative to the other 
conditions.  It thus appears that DCRP works to offset excessively demanding retrieval attempts 
by initially making those attempts more manageable.  Critically, DCRP also increases those 
retrieval demands as practice progresses, thereby ensuring that retrieval attempts in later practice 
rounds are not too shallow.  In contrast, standard retrieval practice demands too much of 
learners, and ensuing unsuccessful retrieval attempts harm long-term retention.  As previously 
discussed, it is important for retrieval to be both successful and effortful; DCRP appears to strike 
this balance more often than standard retrieval practice under difficult learning conditions. 
 Second, in learning conditions where retrieval practice is most beneficial, DCRP is just as 
beneficial.  In Experiments 3A–3C, we used stimuli that were initially retrieved less than 50% of 
the time, but, unlike Experiments 1A–1E, we provided learners feedback after each practice trial.  
These learning conditions were expected to have the highest probability of yielding testing 
effects, and indeed, the addition of feedback elicited a strong testing effect.  Critically, however, 
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DCRP was also an effective strategy, suggesting that scaffolded retrieval comes with little cost, 
even in conditions where self-testing is at its most potent.  Our entire body of evidence therefore 
suggests that DCRP generalizes the benefits of retrieval to more learning situations than does 
standard testing. 
 We interpret the benefits of DCRP in terms of the two-stage model of retrieval (Kornell, 
Klein, & Rawson, 2015).  This model posits that the benefits of retrieval arise from 1) attempting 
to recall information and 2) receiving exposure to that information.  The model therefore predicts 
that retrieval success is of paramount importance in the absence of feedback, when the only way 
to access correct information is via correct retrieval.  And in fact, retrieval success in DCRP is 
consistently higher during the practice phase than in standard retrieval practice; this enhanced 
retrieval success may ensure that the benefits of retrieval obtain even when feedback is not 
formally provided.  An additional component of DCRP’s effectiveness may be that, informally, it 
provides learners with feedback about their responses.  This benefit would be particularly evident 
in the early stages of practice, when learners may judge the correctness of a response based on 
whether that response fits the constraints of the provided letters.  Regardless of whether DCRP is 
effective because it enhances retrieval success or provides informal feedback (or both), our data 
support the general notion that DCRP grants access to correct information in the absence of 
formal feedback: performance collapsed across Experiments 1A–1E (39%) is remarkably similar 
to performance collapsed across Experiments 3A–3C (36%), despite the addition of feedback in 
the latter set of experiments. 
 In contrast, learners testing without feedback will have access to correct information only 
when items are easy enough to recall.  The difficult items in our first set of experiments therefore 
reduced the benefits of testing substantially while the easier items in our second set of 
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experiments began to yield modest testing effects.  The addition of feedback to our third set of 
experiments guaranteed access to correct information after every practice trial.  Just as the two-
stage model (Kornell et al., 2015) predicts, we found our strongest testing effects in these 
experiments.  We also observed no differences in benefits between our two retrieval-based 
practice conditions, as both DCRP and standard retrieval practice offered guaranteed access to 
correct information. 
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CHAPTER 3: EVALUATING ADAPTIVE CUING 
 
 Recall that, according to reminding theory (Benjamin & Tullis, 2010), practicing retrieval 
provides a large mnemonic boost, but only for information that is successfully recalled (see also 
Kornell, Bjork, & Garcia, 2011).  That is, any information that is not retrieved during self-testing 
will receive no mnemonic enhancement and is at risk of being forgotten if no other study 
exposures are available.  Alternatively, restudy benefits all items, but the magnitude of the 
benefit is very small.  Following a retention interval with some amount of forgetting, information 
that has been successfully retrieved will likely still be retrieved, while information that was 
restudied may no longer have sufficient memory strength to also be successfully retrieved.  
Recall also that reminding theory predicts more benefits to retention for learners who engage in 
deeper retrieval (e.g., by retrieving cabin from c____; Carpenter & DeLosh, 2006) relative to 
learners who engage in more shallow retrieval (e.g., by retrieving cabin from c_b_n).  Thus, 
information that is more deeply retrieved should also be better retained.   
 A potential weakness of DCRP, then, is that it requires all to-be-learned items to be 
scaffolded at the same rate; thus, items that are well encoded after restudy or after a previous 
round of practice will be retrieved at the same depth as an item that has been poorly encoded—in 
this scenario, poorly learned information benefits but well-learned information suffers.  A more 
flexible, and therefore perhaps more beneficial, approach to scaffolding may be one that tailors 
retrieval demands to each item’s current level of learning.   
Past work on learner-adaptive schedules has come primarily from the spaced retrieval 
literature.  For example, Atkinson (1972) found that retention of English translations of German 
words was best for learners who practiced on a performance-based schedule (that is, the 
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presentation of items was based on the accuracy of previous practice trials); this adaptive 
schedule was superior to both a random and learner-controlled presentation of items.  Pavlik and 
Anderson (2008) also evaluated a performance-based algorithm based on the ACT-R model 
(e.g., Anderson & Lebiere, 1998).  Learners in their study practiced Japanese words and their 
English translations.  Pavlik and Anderson (2008) compared their adaptive practice model with 
Atkinson’s (1972) model and also a flash card procedure where learners cycled through items in 
a constant order.  Their adaptive algorithm resulted in more efficient learning and superior 
retention relative to the other two conditions.  Finally, Mettler, Massey, and Kellman (2016) 
recently evaluated an adaptive practice algorithm (the Adaptive Response-Time-based 
Sequencing [ARTS] system; Mettler, Massey, & Kellman, 2011) that accounted for response 
latency in addition to performance history.  Learners in their experiment practiced African 
nations’ names and locations.  Mettler et al.’s (2016) adaptive practice schedule benefitted 
retention more than expanding and uniformly spaced retrieval attempts. 
 While past work has demonstrated the efficacy of both expanding retrieval practice and 
adaptive spacing, one issue that permeates any attempt at creating optimal spacing is the almost 
certain prospect of undesirable lags for some items.  That is, certain items will be spaced at 
harmfully long lags, where retrieval success is improbable (but see Pashler, Zarow, & Triplett, 
2003), and others at sub-optimally short lags, where retrieval is too shallow.  However, this 
problem is easily mitigated with cue assistance as the linchpin for adaptation rather than spacing.  
For example, if we want to generate an optimally difficult retrieval attempt, we would start by 
first having a learner attempt a retrieval in the absence of any cuing, and provide increasingly 
informative cues until the learner would be able to retrieve the correct response (just as in the 
vanishing cue experiments discussed earlier; Glisky, Schacter, & Tulving, 1986b).  That is, we 
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would provide just enough assistance to learners in order for them to retrieve the correct 
response.  Note that the same method could not be employed with expanding retrieval practice, 
as the analogue in that paradigm would entail testing at the longest of lags and then proceeding 
backward in time until learners could successfully recall. 
Hays (2009) evaluated a technique that relied on adaptive cuing rather than adaptive 
spacing, which we will call adaptive-cues retrieval practice (ACRP).  On each ACRP trial, 
learners were initially shown a cue word and a blank space and asked to provide the 
corresponding target.  If they submitted an incorrect answer, then they were shown a letter of the 
target word and asked to provide another response.  This routine continued until the learner 
successfully retrieved the target.  Hays (2009) compared ACRP to DCRP and standard retrieval 
practice.  Only items in the standard retrieval practice condition received item-by-item feedback; 
the other two conditions received no feedback following a response.  (Note that the ACRP and 
DCRP conditions received no feedback because they themselves were considered forms of 
feedback—this conceptualization differs from our own.)  He found that ACRP and standard 
retrieval practice both benefitted memory after a 10-minute delay relative to DCRP, and 
approximately to the same degree. 
In a follow-up experiment, he manipulated control over ACRP: some learners were able 
to request letters by pressing the “Tab” key on a keyboard and other learners received letters by 
submitting incorrect responses.  Hays (2009) found no performance differences between these 
two conditions; however, features of his design appear to have rendered the learner-control 
manipulation ineffective.  Regardless of whether learners controlled the accumulation of letters 
in ACRP, letters would appear after three seconds of inactivity independent of whether a letter 
had been requested (in the learner-controlled condition) or a response had been submitted (in the 
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experimenter-controlled condition).  Only two subjects in the learner-controlled condition 
actively requested a letter, suggesting that the vast majority of assistance in this “actively 
controlled” condition was actually passively received.  Thus, the important question of learners’ 
efficacy in controlling their assistance was left largely unanswered by Hays’ (2009) experiment.  
To foreshadow, our data will provide some insight on learner- versus experimenter-controlled 
assistance. 
Finn and Metcalfe (2010) evaluated ACRP with trivia questions (e.g., What is the unit of 
measure that refers to a six-foot depth of water?).  As in Hays’ (2009) experiments, learners who 
could not produce a correct answer were given a letter of the correct answer upon submitting an 
incorrect response.  Learners continued to provide responses—and receive additional letters—
until they were either able to retrieve the answer from a partial set of letters or else were 
provided every letter of the correct response.  They compared ACRP to standard retrieval plus 
feedback, a multiple-choice answer-until-correct condition, and a minimal feedback condition 
that indicated only if a response was correct or incorrect.  In this paradigm, ACRP was the most 
beneficial technique on a delayed final test.  Importantly, Finn and Metcalfe (2010) were 
interested in optimizing error correction; they therefore analyzed only those items on the final 
test that had been responded to incorrectly during practice.  Our motivation for the present 
experiments was to assess more globally the benefits of ACRP, which may include error 
correction, but also include the extent to which ACRP strengthens encoding for correctly recalled 
stimuli during practice. 
 The primary goal of our next set of experiments was to evaluate ACRP in a testing effect 
paradigm, which neither Hays (2009) nor Finn and Metcalfe (2010) had done.  Our initial 
implementation of ACRP was slightly different from those previous studies: rather than require 
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learners to submit a response to receive assistance, we instead had learners request letters as they 
needed them.  We made this choice in order to minimize time-on-task differences between our 
conditions.  That is, having learners enter a response prior to receiving a letter is more time-
consuming than having them request a letter; we wanted to minimize the role of longer item 
exposure in any potential benefits of ACRP.  In later experiments, we revised ACRP so that 
learners had to first submit a response before they could receive assistance. (A summary of the 
features of experiments in Chapter 3 is presented in Table 2.)    
Experiments 4A and 4B 
Method 
 Subjects.  All completed experiments in Chapter 3 recruited subjects from Amazon’s 
Mechanical Turk service.  For this and every other experiment reported in Chapter 3, we initially 
recruited 80 participants to complete the first part of the experiment and only analyzed the data 
from subjects who returned to complete the test phase.  This sampling policy was slightly 
different from that used in Chapter 2, where we recruited additional subjects if fewer than 60 of 
our initial recruits completed Part 2.  This change was motivated by a power analysis, with the 
aim of replicating the smallest effect size observed in Finn and Metcalfe’s (2010) experiments 
with 80% power.  This power analysis suggested a sample size of 44, but because of differences 
in our methodologies we erred on the side of caution and elected to instead recruit 80 people and 
then analyze the data from those that ultimately completed both parts (at least 50 participants 
returned for both parts in all our previous experiments). 
We ended up with 58 subjects in Experiment 4A and 55 subjects in Experiment 4B.  The 
median age for all participants who completed the first day was 33 years; the age range was 19 to 
68 years.   
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 Materials.  We used the set of 12 English-Iñupiaq word pairs from Finley et al. (2011). 
 Design.  We used a 3-level (practice schedule: ACRP vs. retrieval practice vs. restudy) 
within-subjects design.   
 Procedure.  Our general procedure remained unchanged from the experiments in Chapter 
2: participants studied each word pair three times, then completed a short go/no-go distractor 
task before completing the practice phase.  Practice in our first two experiments consisted of a 
single round.  Subjects could complete the test 12 to 36 hours after completing the first part of 
the experiment.  In Experiment 4B, learners received feedback after each practice trial; feedback 
was withheld in Experiment 4A.  Practice trials in the ACRP condition were implemented as 
follows: subjects were shown the English target and five blank spaces; they were asked to either 
provide the Iñupiaq target or else press the space bar to request a letter.  Letter requests could be 
made every two seconds.  Unlike Hays (2009) and Finn and Metcalfe (2010), learners were not 
required to submit a correct response to proceed to the next practice trial.  Rather, the program 
would accept any submission regardless of its correctness.   
Results 
 Unlike the experiments in Chapter 2, we relied exclusively on Bayes Factors to analyze 
the data from all experiments presented in Chapter 3.  Unlike NHST, which only speaks to the 
probability of data under the assumption that the null hypothesis is true, Bayes Factors allow for 
evaluations of evidence in favor of both the null and alternative hypotheses.  Once again, all 
Bayes Factors will be reported in terms of evidence favoring the alternative hypothesis. 
Retention data from Experiment 4A are presented in Figure 5A.  Performance in the 
ACRP condition (M = 0.13, SD = 0.22) was approximately the same as restudy (M = 0.12, SD = 
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0.21; B10 = 0.21) and retrieval practice (M = 0.12, SD = 0.22; B10 = 0.16).  Performance in the 
retrieval practice condition was approximately the same as restudy (B10 = 0.14).  
Retention data from Experiment 4B are presented in Figure 5B.  Performance in the 
ACRP condition (M = 0.28, SD = 0.29) was numerically superior to restudy (M = 0.23, SD = 
0.34), though the data in fact supported the null (B10 = 0.65).  Performance in the retrieval 
practice condition was also numerically superior to restudy, though that difference was also not 
convincing (B10 = 1.06).  The ACRP and retrieval practice conditions had approximately equal 
performance (B10 = 0.15). 
Discussion 
 Both experiments provided very little evidence for any differences between our three 
practice conditions.  Our decision to include only one practice round may have resulted in floor 
effects, and subsequently made any differences between conditions difficult to observe.  Our 
next two experiments evaluated the same three practice conditions as our first two, but now we 
provided six rounds of practice. 
Experiments 5A and 5B 
Method 
 Subjects.  We ended up with 62 subjects for Experiment 5A and 69 subjects for 
Experiment 5B.  The median age for all participants who completed the first day was 31 years; 
the age range was 19 to 60 years. 
 Design, materials, and procedure.  The design, materials, and procedure were identical 
to our first two experiments, except we now gave participants six rounds of practice.  We 
provided feedback in Experiment 5B but not in Experiment 5A. 
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Results 
 Data from Experiment 5A are presented in Figure 6A.  Performance in the ACRP 
condition (M = 0.42, SD = 0.33) was superior to performance in the restudy condition (M = 0.23, 
SD = 0.33, B10 = 1940.67, d = 0.83) and to performance in the retrieval practice condition (M = 
0.15, SD = 0.25, B10 = 8.78 × 106, d = 1.31).  Performance in the retrieval practice and restudy 
conditions was approximately the same (B10 = 0.05). 
 Data from Experiment 5B are presented in Figure 6B.  Performance in the ACRP 
condition (M = 0.52, SD = 0.36) was once again superior to performance in the restudy condition 
(M = 0.31, SD = 0.31, B10 = 2.34 × 104, d = 1.05), but was now approximately the same as 
performance in the retrieval practice condition (M = 0.53, SD = 0.34, B10 = 0.14).  We also 
observed a strong testing effect (B10 = 3.70 × 105, d = 1.14). 
Discussion 
 The addition of more practice rounds elicited differences between conditions that were 
not apparent in Experiments 4A and 4B: we now observed an advantage for ACRP over the other 
two conditions when feedback was not provided (replicating the pattern from Experiments 1A–
1E) and similar performance between ACRP and retrieval practice when feedback was provided 
(replicating the pattern from Experiments 3A–3C).  Because the data patterns using ACRP were 
similar to our experiments that evaluated DCRP, we next compared ACRP and DCRP directly, 
with and without feedback, to see if they differentially enhanced memory. 
 
 
 
 
46 
 
Experiments 6A and 6B 
Method 
 Subjects.  We ended up with 58 subjects for Experiment 6A and 57 subjects for 
Experiment 6B.  The median age for all participants who completed the first day was 32 years; 
the age range was 20 to 61 years. 
 Materials, design, and procedure.  The materials, design, and procedure were identical 
to Experiments 5A and 5B, except we used a 2-level (practice condition: ACRP vs. DCRP) 
design. 
Results 
 Results from these experiments are plotted in Figure 7.  In Experiment 6A, performance 
in the ACRP condition (M = 0.38, SD = 0.36) was numerically superior to DCRP (M = 0.32, SD 
= 0.31), but the evidence was not convincing (B10 = 1.40).  Results from Experiment 6B were 
similar, as ACRP performance (M = 0.44, SD = 0.36) was once again not convincingly different 
from DCRP (M = 0.44, SD = 0.36; B10 = 0.14). 
Discussion 
 With and without feedback, we found no convincing performance differences between 
ACRP and DCRP.  However, as noted at the outset, our implementation of ACRP was slightly 
different from that used by Hays (2009) and Finn and Metcalfe (2010).  In their experiments, 
subjects had to attempt a response before they received assistance; in our experiments, 
participants requested letters by pressing the space bar.  We made this alteration to ACRP to 
mitigate differences in time on task between ACRP and the other conditions. To assess whether 
extra practice time in that condition may have been contributing to its mnemonic benefits, we 
correlated the differential average time spent on each practice trial and differential final test 
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performance between ACRP and each condition for each experiment.  These correlations are 
presented in Table 3.  Extra time did not appear to benefit items in the ACRP condition; every 
coefficient but one is negative, suggesting that more relative time spent on ACRP trials meant 
worse relative performance to the other conditions.  Additionally, the one positive correlation 
that we observed was very small (r = 0.14).  
Our initial ACRP method placed the onus on participants to judge when they were ready 
to retrieve the target words, which in some cases may have resulted in participants delaying 
retrieval until they were quite certain that they would provide the correct answer.  If participants 
were being conservative regarding when to attempt retrieval, they may have been forestalling 
deep or effortful retrieval which would aid their long-term retention.  Additionally, requiring 
only a space-bar press to receive assistance may have discouraged our participants from working 
hard to attempt retrieval prior to any letter requests.  With an eye towards these potential 
limitations, we revised our ACRP method so that learners now had to provide a response prior to 
provision of a letter.  By requiring a response, learners would be forced to attempt a retrieval 
early on in the practice trial—thereby preempting a conservative response policy—and they 
would also have to explicitly retrieve some type of response—preventing a passive approach to 
the task.  We first evaluated the benefits of our revised ACRP technique against DCRP, without 
feedback, and against DCRP and standard retrieval practice, with feedback. 
Experiments 7A and 7B 
Method 
 Subjects.  We ended up with 60 subjects for Experiment 7A and 63 subjects for 
Experiment 7B.  The median age for all participants who completed the first day was 34 years; 
the age range was 19 to 73 years. 
48 
 
 Materials, design, and procedure.  The materials, design, and procedure of Experiment 
7A was identical to Experiment 6A except for the revised ACRP technique: subjects now had to 
make a response in order to receive a letter of the target word, rather than press the space bar.  
Experiment 7B was the same as 7A, except for provision of feedback and the inclusion of a 
retrieval practice condition. 
Results 
Performance data from Experiment 7A are presented in Figure 8A.  Test performance in 
the ACRP condition (M = 0.52, SD = 0.34) was now superior to performance in the DCRP 
condition (M = 0.37, SD = 0.33; B10 = 341.82, d = 0.79). 
 Performance data from Experiment 7B are presented in Figure 8B.  Performance in the 
ACRP condition (M = 0.62, SD = 0.34) was numerically superior to the DCRP condition (M = 
0.56, SD = 0.36) and retrieval practice condition (M = 0.57, SD = 0.37), but neither difference 
was convincing (B10 = 1.04 and B10 = 0.48, respectively).  Performance in the DCRP condition 
was approximately the same as the retrieval practice condition (B10 = 0.14). 
Discussion 
 Our revised version of ACRP was now superior to DCRP when learners were without 
feedback.  When feedback was provided, we found no convincing differences between ACRP, 
DCRP, and retrieval practice.  In all our experiments from Chapter 2 and Chapter 3, feedback 
rendered all retrieval-based techniques roughly equally effective.  However, under conditions 
where testing is not effective, and where DCRP was shown to still be effective in Chapter 2, we 
found an even greater advantage for ACRP.  This finding suggests that it is indeed beneficial to 
differentially allocate retrieval demands based on an item’s current memory strength.  
Furthermore, our data suggest that learners are suboptimal in self-regulating their receipt of 
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assistance, as performance in the ACRP condition was not superior to DCRP until we removed 
the self-regulated component from ACRP (although we did not make a direct comparison 
between the two ACRP methods). 
 We compared practice performance in the ACRP condition from Experiments 6A and 7A 
to assess what features of the revised ACRP enhanced learning.  In Experiment 6A, learners 
retrieved with 2.21 letters (SD = 1.48) present and in Experiment 7A they retrieved with 1.96 
letters (SD = 1.60)—thus, they retrieved after viewing roughly the same portion size of the target 
words (B10 = 0.28).  However, accuracy during practice was 0.71 in Experiment 6A (SD = 0.29) 
and 0.98 in Experiment 7A (SD = 0.10)1, B10 = 2.05 × 1014.  That is, performance was 
substantially better in Experiment 4A even though those subjects used approximately the same 
number of letters.  These data suggest that learners in Experiment 6A were not putting as much 
effort into retrieving the target word when they could press a key to reveal a letter; when subjects 
had to provide a response in Experiment 7A, they were much more accurate with the same 
amount of assistance.  This differential accuracy suggests that the new ACRP encouraged more 
effortful retrieval.  It also suggests that subjects were probably not overly conservative in the 
initial version of ACRP, as that hypothesis would predict more requested assistance in 
Experiment 6A relative to 7A. 
Experiment 8 
 The longest retention interval used in any of the experiments presented in this section is 1 
week.  However, if a student were using any one of these three techniques to study flashcards for 
a foreign language course, she would be interested in the effects of retention on the scale of 
                                                          
1 A programming error allowed incorrect responses to be submitted after all 5 letters of the target 
were revealed.  Any typos in this scenario would not be corrected and thus accuracy was less 
than 100%. 
50 
 
multiple weeks, or even an entire semester.  There is evidence that suggests forgetting is slowed 
following retrieval practice versus restudy (Carpenter, Pashler, Wixted, & Vul, 2008); our next 
experiment allowed us to evaluate that claim, which has received mixed evidence, and also 
allowed us to assess whether ACRP might slow forgetting relative to standard retrieval practice.  
If retrieval practice does indeed slow forgetting relative to restudy, then ACRP, which offers 
learners additional opportunities to engage in retrieval following unsuccessful recall, might slow 
forgetting relative to standard retrieval practice. 
Carpenter et al. (2008) evaluated the forgetting curves of testing with feedback and 
restudy (see also Kang, Lindsey, Mozer, & Pashler, 2015, for an evaluation of long-term 
forgetting following expanding versus uniformly spaced retrieval practice).  They had learners 
retrieve either general knowledge questions (Experiments 1 and 2) or English-Swahili word pairs 
(Experiment 3) at six different retention intervals: 5 minutes, 1 day, 2 days, 1 week, 2 weeks, and 
6 weeks.  They found that testing reduced forgetting when learners were given multiple practice 
attempts during their initial encoding session.  We have reason to suspect that our scaffolded 
conditions might favorably compare to standard retrieval practice over a long time-course: recall 
that we plotted forgetting curves for DCRP, retrieval practice, and restudy following completion 
of Experiments 1A–1C.  That plot revealed a consistent advantage of DCRP relative to retrieval 
practice with retention intervals of 10 minutes, 24 hours, and 1 week.  However, that plot was 
created from data sets from different experiments, and so it’s impossible to evaluate what 
nuisance factors, such as cohort effects, might be at play.  This next experiment allowed us to 
evaluate the long-term forgetting of our practice schedules of interest within subjects and over 
even longer intervals. 
Method 
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 Subjects.  Unlike our previous experiments, we initially did not recruit Mechanical Turk 
workers for this experiment out of concern for high attrition rates that might accompany a four-
part experiment.  Thus, we instead recruited introductory psychology students to participate in 
exchange for course credit points.  These students could participate either in the laboratory or 
online.  Thirty-seven undergraduates began this experiment; we wanted to ensure that we would 
collect complete data from at least 30 participants and so we recruited a small number of 
Mechanical Turk workers.  These Mechanical Turk workers participated for monetary 
compensation. 
Experiment 8 ultimately included 35 participants: 18 students from an introductory 
psychology course who participated online; 13 students from an introductory psychology course 
who participated in the laboratory; and 4 workers from Mechanical Turk.   
 Design.  This experiment used a 3 (practice condition: ACRP vs. standard retrieval 
practice vs. restudy) x 4 (retention interval: 5 minutes vs. 24 hours vs. 7 days vs. 28 days) within-
subjects design. 
 Materials.  Stimuli were the 60 low-association English pairs from Experiments 1E and 
3A in Chapter 2.  Groups of 5 pairs were randomly assigned to each practice condition by 
retention interval combination. 
 Procedure.  The experiment was comprised of four sessions.  In the first session, 
participants studied each word pair one time for four seconds.  The pairs were presented in a 
random order.  Participants then completed a 60 second go/no-go distractor task before 
proceeding to the practice phase.  The practice phase consisted of three rounds; each round was 
arranged such that groups of 15 items stayed in their respective quarter of the practice sequence, 
but items were randomly arranged within each quarter.  The ACRP condition was implemented 
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identically to the revised ACRP condition from Experiments 7A and 7B.  The practice phase was 
followed by a 5-minute distractor where subjects were asked to list as many U.S. cities as they 
could think of.  After this distractor, subjects completed the first test.  Subsequent sessions 
occurred 24 hours, 7 days, and 28 days after the first session. 
 Once data collection ended, we fit forgetting functions to each participant’s data from 
each practice condition using maximum likelihood estimation (Myung, 2003).  This function had 
the form a(bt + 1)-c, where a is the initial learning level, b is a scaling constant, t is time, and c is 
the forgetting rate (see Wickelgren, 1974).  We first fit a function to the grand mean performance 
from each of the four tests.  We obtained an estimate for b from this function; this estimated 
value for b was then fixed when we fit curves to each participant’s data.  Thus, for each 
participant, we estimated an initial learning level and a forgetting rate in each practice condition. 
Results 
 Unless otherwise indicated, all analyses were pre-registered prior to us viewing the data.  
The pre-registration document can be viewed at the following link: https://osf.io/4yj6z/. 
 Overall performance.  Group means for each condition at each retention interval are 
presented in Figure 9.  The lines drawn in that figure represent the function generated from 
taking the median of the estimated values of a and c for each subject.  Overall performance in the 
ACRP condition (M = 0.65, SD = 0.33) was superior to overall performance in the retrieval 
practice condition (M = 0.59, SD = 0.31; B10 = 7.59) and restudy condition (M = 0.32, SD = 0.29; 
B10 = 3.78 × 1022).  Overall performance in the retrieval practice condition was superior to the 
restudy condition (B10 = 1.16 × 1020) 
 Estimated initial learning.  Estimated initial learning in the ACRP condition (M = 0.92, 
SD = 0.13) was higher than in the retrieval practice condition (M = 0.84, SD = 0.17; B10 = 4.28) 
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and the restudy condition (M = 0.54, SD = 0.25; B10 = 1.67 × 107).  Estimated initial learning in 
the retrieval practice condition was higher than in the restudy condition (B10 = 1.06 × 105). 
 Carpenter et al. (2008) report that the distributions for their parameter estimates were 
highly skewed and that they therefore analyzed their data using sign tests, which do not rely on 
assumptions of normality.  Our data were highly skewed as well; in anticipation of this skewness 
we conducted planned sign tests to evaluate whether a meaningful proportion of subjects 
demonstrated the patterns that we observed when comparing group means.  Twenty-two of our 
35 subjects had a higher estimated initial learning in the ACRP condition relative to the retrieval 
practice condition, resulting in an ambivalent Bayes Factor, B10 = 1.03.  Thirty subjects had a 
higher estimated initial learning in the ACRP condition relative to the restudy condition (B10 = 
1583.70).  Twenty-eight subjects had higher estimated initial learning in the retrieval practice 
condition relative to the restudy condition (B10 = 113.29).  
 We also analyzed our data using additional non-parametric analyses.  (These analyses 
were not pre-registered as we did not consider them until after the data had been collected.)  
These non-parametric tests had the advantage of not relying on assumptions of normality, just as 
sign tests do, but unlike sign tests, our non-parametric analyses accounted for the magnitude of 
differences between conditions.  This analysis was carried out as follows: For the two conditions 
being compared, we first obtained the observed differences between these conditions.  We then 
generated a simulated set of data by iterating through each difference score and, with 50% 
probability, switching the direction of each score (i.e., by multiplying the score by either 1 or -1).  
We then took the median value of this simulated data set.  We generated 10,000 simulated data 
sets to obtain a distribution of median scores under the null hypothesis.  After obtaining this 
distribution, we then compared the observed median difference score to the set of simulated 
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values to calculate an exact p-value (e.g., if 100 of the simulated scores were greater or equal to 
the observed score, then that scenario would yield a p-value of 100/10000 = .01). 
 The median difference between estimates of a for the ACRP and retrieval practice 
conditions was 0.04 (p = 0.02).  The ACRP and restudy conditions yielded a median difference 
of 0.39 (p < 0.001).  The retrieval practice and restudy conditions yielded a median difference of 
0.33 (p < 0.001).  Thus, we reject the null hypothesis for all pairwise comparisons—though with 
somewhat less certainty for the comparison of ACRP and retrieval practice..   
 Estimated forgetting rate.  The estimated forgetting rate in the ACRP condition (M = 
0.84, SD = 0.61) was numerically lower than in the retrieval practice condition (M = 0.99, SD = 
1.22), though the Bayes Factor supported the null (B10 = 0.27).  Similarly, the estimated 
forgetting rate in the ACRP condition was lower relative to the restudy condition (M = 6.09, SD 
= 19.01), but the Bayes Factor once again supported the null (B10 = 0.61).  The estimated 
forgetting in the retrieval practice condition was also lower than the restudy condition, but again, 
the Bayes Factor supported the null (B10 = 0.56). 
 Only 19 of our 35 subjects had a lower estimated forgetting rate in the ACRP condition 
than in the retrieval practice condition, providing weak support for the null (B10 = 0.43).  Twenty-
seven subjects had a lower estimated forgetting rate in the ACRP condition than in the restudy 
condition, which offered strong evidence in favor of the alternative (B10 = 38.01).  Twenty-three 
subjects had a lower estimated forgetting rate in the retrieval practice condition than in the 
restudy condition, providing weak support for the alternative (B10 = 1.70). 
 Using the non-parametric test described earlier, we found that the median difference 
between estimates of c for the ACRP and retrieval practice conditions was 0.11 (p = 0.73).  The 
ACRP and restudy conditions yielded a median difference of 0.37 (p = 0.01).  The retrieval 
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practice and restudy conditions yielded a median difference of 0.52 (p = 0.005).  Thus, we reject 
the null hypothesis for both comparisons of our retrieval-based conditions to restudy, but not for 
ACRP versus standard retrieval practice. 
 Retention interval by practice condition interaction.  Our primary analyses involve the 
comparison of subjects’ estimated forgetting function parameters.  For completeness, we also 
evaluated differences in forgetting by testing for a retention interval by practice condition 
interaction.  We fit two linear models: the first had main effects of condition and retention 
interval plus an interaction term; the second had no interaction term.  The full model did not fit 
the data better (B10 = 0.10), providing strong evidence that there was no interaction.  This lack of 
an interaction was not entirely unexpected because linear models evaluate differences with no 
consideration of the magnitude of the two values being compared (as, for example, a percentage-
of-loss analysis would).  Therefore, for an interaction to appear, the condition means would have 
to demonstrate a clearly non-parallel pattern; our condition means do appear to fall along parallel 
functions. 
Discussion 
 The forgetting function that we plotted following Experiments 1A–1C showed that 
performance in the DCRP condition was consistently superior to that in the retrieval practice and 
restudy conditions.  Here, using an entirely within-subjects design and ACRP as our scaffolded 
retrieval condition, we once again found that scaffolded retrieval provided consistently superior 
performance at retention intervals of 5 minutes, 1 day, 7 days, and 28 days.  We consequently 
observed superior overall performance in the ACRP condition.  The average estimated initial 
learning rate in the ACRP condition was also higher than in the other two conditions according 
to a Bayesian t-test and non-parametric test, though a sign test revealed that only 63% of subjects 
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actually had higher estimates of initial learning in the ACRP condition.  We found no convincing 
differences between average forgetting rates in our three practice conditions using Bayesian 
analyes; however, a sign test showed that a convincingly high number of participants had lower 
estimated forgetting rates in the ACRP condition relative to the restudy condition, and non-
parametric tests revealed slower forgetting in both the ACRP and retrieval practice conditions 
relative to restudy.  Finally, we found very strong evidence for no practice condition by retention 
interval interaction. 
 Similar to Carpenter and colleagues (2008) findings, we found higher rates of learning in 
the retrieval practice condition relative to restudy, as well as superior overall performance.  We 
also found a reduction in forgetting rate for the retrieval practice condition, though this 
difference was only supported by one of our analyses (the non-parametric test) and did not 
provide as compelling of evidence as did the data of Carpenter et al. (2008).  Our experiment 
may have lacked the power to detect a difference due to our small subject size: we ended up with 
35 subjects while Carpenter et al. (2008) used 57 and 44 participants in their two experiments 
that demonstrated reduced forgetting following retrieval practice. 
Benefits of Adaptive Cues 
 To recap, our initial version of ACRP required learners to press the space bar to request 
assistance.  Our first two experiments—which included a single round of practice—revealed no 
differences between ACRP, standard retrieval practice, or restudy.  Suspecting that our single 
round of practice may have introduced floor effects, we included six rounds of practice in our 
remaining experiments.  After six practice rounds, our initial version of ACRP produced similar 
benefits to DCRP: when testing was not effective, ACRP was effective; under conditions where 
we expected a robust testing effect, ACRP enhanced memory to approximately the same extent.  
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A direct comparison of ACRP and DCRP in our next two experiments suggested that these 
conditions enhanced memory to a similar degree.  In our next two experiments, we revised 
ACRP so that learners had to provide a response before they could receive assistance.  This 
revised ACRP enhanced memory more than DCRP without feedback; ACRP, DCRP, and 
standard retrieval practice all enhanced memory to a similar degree with provision of feedback.  
Finally, in Experiment 8, we found evidence that suggested ACRP slowed forgetting relative to 
restudy but not relative to retrieval practice, and that initial learning—as well as overall 
performance over four different retention intervals—was higher in the ACRP condition relative 
to both retrieval practice and restudy. 
Relative to DCRP, ACRP enhanced retention when feedback was not present.  We 
attribute the superiority of ACRP to the more effortful retrieval that it requires.  Recall that our 
decision to revise ACRP such that learners had to provide a guess before receiving a letter was 
the catalyst for the advantage of ACRP over DCRP.  Furthermore, we noted that accuracy in the 
revised ACRP condition was much higher than in the original version, even though the number 
of letters requested remained the same.  That finding suggested to us that learners were exerting 
more effort in the revised ACRP.  This enhanced effort is probably absent in DCRP, where the 
structure of the cuing is designed to preempt deep retrieval with the goal of enhancing retrieval 
success.  While our data from Chapter 2 suggest that the enhanced retrieval success of DCRP has 
relatively low cost to learners, our data from Chapter 3 suggest that ACRP is even less costly, 
and, as Experiment 8 showed, continues to be beneficial even under conditions that yield 
substantial benefits of standard retrieval practice. 
Recall that we interpreted the benefits of DCRP in terms of the two-stage model of 
retrieval (Kornell et al., 2015).  That model posits that the benefits of retrieval arise from 1) 
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attempting retrieval of target information and then 2) from exposure to the target information.  In 
the case of DCRP, retrieval success is enhanced throughout practice and so learners are more 
likely to gain exposure to correct information than during retrieval practice, specifically when no 
feedback is provided.  This same explanation holds when considering the benefits of ACRP: 
learners must guess until they correct, thereby ensuring that they will either recall the correct 
information or else receive the correct information via the full progression of the cuing 
procedure.  Additionally, in Experiment 8, we found a benefit of ACRP over retrieval practice 
even when experiment was provided.  There are two potential reasons for this advantage.  First, 
it may be that learners have more exposure to correct information when they practice ACRP with 
feedback relative to self-testing with feedback.  In ACRP, learners are guaranteed to either self-
generate or be cued with an entire target word before receiving feedback.  In contrast, learners 
are not guaranteed to correctly recall a target word prior to receiving feedback with standard 
retrieval practice.  We find this explanation unconvincing since learners also gain more exposure 
to correct information in DCRP, which never enhanced retention more than retrieval practice 
with feedback.  Second, it could be the case that multiple opportunities to retrieve information—
albeit with progressively more cue support—during ACRP potentiate the benefits of seeing 
correct information.  This explanation is rooted in the phenomenon of test-potentiated learning, 
where learners benefit more from restudy following more attempted retrievals (Izawa, 1966, 
1971; Arnold & McDermott, 2013).  We find this explanation more convincing because ACRP is 
unique in providing multiple retrieval attempts in a single practice trial; neither DCRP nor 
retrieval practice allow multiple overt retrievals. 
In our final experiment, we assessed long-term forgetting following the revised ACRP, 
retrieval practice, and restudy.  We provided feedback in all conditions and, unlike our other 
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experiments, found a convincing overall performance advantage in the ACRP condition relative 
to the other two conditions.  Finn and Metcalfe (2010) also found an advantage for ACRP over 
retrieval practice plus feedback, but their experiments only analyzed those items that were 
responded to incorrectly during a practice phase.  Our data suggest that the benefits of ACRP 
hold when analyzing performance on an entire set of stimuli and not just the portion that requires 
error correction.  We also found that our two retrieval-based conditions reduced forgetting 
relative to restudy, though this reduction was much more convincing in the ACRP condition. 
 Our findings from Experiment 8 address two unresolved questions in the forgetting 
literature.  The first is whether retrieval practice reduces forgetting relative to restudy.  As noted 
previously, Carpenter at al. (2008) found reduced forgetting in a retrieval practice condition in 
two of three experiments that they conducted; theirs is the most precise assessment of differential 
forgetting between self-testing and restudy.  Other studies have found either a reversed or absent 
testing effect at a very short delay and an advantage of retrieval practice after a longer delay 
(e.g., Roediger & Karpicke, 2006b; Wheeler et al., 2003); these findings have been interpreted as 
offering support for the notion that retrieval practice retards forgetting.  Other studies (Slamecka 
& Katsaiti, 1988) have found no differential forgetting between retrieval practice and restudy, 
and the aforementioned bifurcation model (Kornell et al., 2011) argues that ostensible 
demonstrations of slowed forgetting can alternatively be explained by differential strengthening 
of items following retrieval practice versus restudy.  Sixty-six percent of our subjects had slower 
estimated forgetting rates in our standard retrieval practice condition relative to restudy.  
Furthermore, our ACRP condition, which arguably entails even more retrieval than standard 
retrieval practice, slowed forgetting for 77% of our participants—this finding provides more 
substantial support to the argument that retrieval retards forgetting. 
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 The second question that our data speak to is the relationship between degree of learning 
and rate of forgetting.  There are findings that suggest a higher degree of learning corresponds to 
slowed forgetting (e.g., Slamecka & McElree, 1983; Underwood & Keppel, 1963), and findings 
that show that forgetting rate is unrelated to degree of learning (Wixted & Ebbesen, 1991).  
Exacerbating the uncertainty surrounding this question is the fact that there is no consensus 
measurement of forgetting; some researchers may calculate percentage of information lost (e.g., 
Underwood & Keppel, 1963), others may test for an interaction between experimental condition 
and retention interval (e.g., Slamecka & McElree, 1983), and others may elect to estimate 
forgetting rates conditional upon a fit to a theoretical function, as we have done here.  This lack 
of consensus can lead to opposing conclusions for the same set of data: Slamecka and McElree 
(1983) argued that forgetting was not affected by degree of learning, while Wixted (2004) used 
data from their experiments as an illustration of an instance where forgetting was slowed with 
higher levels of learning.   
In the case of our experiments, where we measured forgetting by estimating forgetting 
rates, we found a numerical trend where conditions that yielded higher rates of learning (i.e. 
ACRP and retrieval practice) also yielded slower forgetting.  We found no interaction between 
practice condition and retention interval, but we do note that that analysis presumes a non-zero 
asymptote of forgetting (Carpenter et al., 2008; Wixted & Carpenter, 2007), whereas a power 
function—widely thought to best describe the form of forgetting curves (e.g., Anderson & 
Schooler, 1991; Wickelgren, 1974; Wixted, 2004; Wixted & Ebbesen, 1991; Wixted & 
Carpenter, 2007)—does asymptote at zero.  Thus, evaluating differential forgetting by testing for 
an interaction is implicitly at odds with the power-function form of forgetting curves, which has 
been empirically demonstrated numerous times. 
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 The totality of evidence from Experiments 4–8 suggests that ACRP helps to offset the 
costs of retrieval practice under conditions where testing is normally ineffective.  Furthermore, 
ACRP does a better job of offsetting these costs than does DCRP.  Finally, whereas DCRP was 
no more effective than retrieval practice when feedback was provided, the experiments presented 
in this chapter suggest that ACRP is either no worse than testing, or even advantageous (as 
demonstrated in Experiment 8) when feedback is provided.  In addition to extending and 
augmenting the benefits of testing, we found evidence that suggests ACRP also slows forgetting 
relative to restudy.   
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CHAPTER 4: SELF-REGULATION OF SCAFFOLDED RETRIEVAL 
 
 Surveys of college students’ study habits have revealed a willingness to engage in self-
testing, but also an incomplete understanding of testing’s benefits.  For example, in a survey of 
undergraduate students, 91% reported using testing as a study strategy; however, 68% said that 
they self-tested in order to assess how much they had learned, while only 18% said they engaged 
in self-testing because they learned more through retrieval practice than re-reading (Kornell & 
Bjork, 2007).   A replication of Kornell and Bjork’s (2007) survey findings, conducted by 
Hartwig and Dunlosky (2012), found that both high- and low-GPA students do not use testing as 
a learning strategy, as responders across the GPA spectrum reported self-testing simply as a 
means to evaluate their knowledge.  Similarly, Kornell and Son (2009) found that 90% of 
learners reported self-testing as a study strategy, that 66% did so because it allowed them to 
assess their learning, and only 20% did so because they learned more with self-testing versus 
restudy.  Karpicke, Butler, and Roediger (2009) presented learners with a hypothetical study 
scenario and asked them to select from restudy, retrieval with feedback, or another technique.  
Only 42.1% of learners said that they would engage retrieval practice, and only 2% said that they 
would use testing as a way to enhance their learning.  Thus, these surveys provide converging 
evidence that learners use retrieval as a way to monitor, rather than enhance, their learning.  It is 
also noteworthy that the most frequently reported study activity in these surveys was re-reading 
materials.  Thus, these data converge with judgements of learning (JOLs) from laboratory studies 
which reveal a preference for restudy over self-testing (Agarwal et al., 2008; Karpicke & 
Roediger, 2008; Karpicke, 2009; Kornell & Son, 2009; Karpicke & Blunt, 2011; Tullis, Finley, 
& Benjamin, 2013). 
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Self-regulated initiation of retrieval practice 
Learners’ misunderstandings of the benefits of testing suggests that they might fail to 
engage in retrieval practice or, at minimum, underutilize self-testing.  On the contrary, evidence 
suggests that learners are willing to self-test and that they do so effectively.  To assess learners’ 
preference for testing versus restudy, Kornell and Son (2009) had learners decide between those 
two activities on lists of word pairs over four study-practice cycles.  They found that learners 
initially elected to test and restudy an equal number of times, but elected to test more often as 
practice progressed.  This effect was more pronounced if learners could elect to practice testing 
with feedback (that is, when testing is most effective).  These data suggest that learners will elect 
to self-test, though it might require exposure to the benefits of retrieval practice versus restudy 
(see also Tullis et al., 2013).   
Tullis, Fiechter, and Benjamin (in press) evaluated the efficacy of learner’s choices to 
restudy or test on hard versus easy word pairs in an honor/dishonor paradigm (Kornell & 
Metcalfe, 2006).  Learners in their experiments selected a practice activity for each item during 
an initial study phase (e.g., test or restudy); to evaluate whether these choices were beneficial, 
some of them were honored (learners received their requested activity) and others were 
dishonored (learners received the alternative activity).  The logic of the honor/dishonor paradigm 
is that learners should benefit from having their choices honored only if their choices are 
effective.  Learners in their experiments elected to test more often on easy items but restudy on 
difficult items.  Furthermore, and contrary to what might be expected given learners’ incomplete 
grasp of testing’s benefits, memory for items whose fate was honored was superior to memory 
for items whose fate was dishonored.  This finding suggests that students are effective at making 
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test/restudy decisions despite their naïve view of testing’s benefits.  Specifically, they appear to 
understand the costs of failed retrieval and so they will allocate more difficult items to restudy. 
Self-regulated cessation of retrieval practice 
 While Tullis et al. (in press) showed that learners are effective at choosing when to 
restudy versus retrieve, learners must also make effective decisions regarding when to stop 
studying.  Here, learners’ conceptions of testing merely as means of assessing their knowledge 
suggests that they will not seek multiple retrieval opportunities when studying.  That is, a 
successful retrieval, from the learner’s perspective, indicates that an item is learned; to confirm 
that item’s learned status multiple times may strike them as an inefficient use of resources that 
could be dedicated to items that are not yet learned.  Given that multiple retrievals do in fact 
enhance learning (Karpicke & Roediger, 2007b; Rawson & Dunlosky, 2011; Vaughn & Rawson, 
2011), learners’ incomplete grasp of testing’s benefits could have deleterious consequences for 
long-term retention.  And, indeed, past research has demonstrated this result.  For example, 
Kornell and Bjork (2008b) provided learners with two sets of computer-based flashcards 
containing word pairs; for one set of flashcards, they had the option to drop each card from 
practice after attempting to retrieve the target word on the back of that card.  Learners performed 
best on the set of cards where no items could be dropped.  When given the opportunity to drop 
cards, learners often chose to drop items too soon: 63% of items were dropped after a single 
successful retrieval.  This finding suggests that learners largely viewed a single successful 
retrieval as diagnostic of sufficient learning, which led to premature dropping and ultimately 
impaired test performance. 
Karpicke (2009) had learners practice cued recall in study test cycles.  After an item was 
successfully retrieved, learners could either drop that item from further practice, restudy it two 
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more times without testing, or test themselves on it two more times without restudying.  Learners 
dropped 60% of items from further practice, tested on 25%, and restudied 15% of the items.  
Performance on a final test one week later was worst for dropped items, then restudy, and best 
for tested items.  Thus, these data accord with Kornell and Bjork’s (2008b) finding that learners 
are reluctant to retrieve multiple times, and that learners’ self-regulated cessation of practice is 
largely suboptimal, probably because their criterion to end practice—a single retrieval—is based 
on a faulty view of the benefits of testing. 
Dunlosky and Rawson (2015) had learners practice definitions from an introductory 
psychology course.  One group of learners self-regulated their practice: they decided if they 
wanted to study, test, or drop each item prior to beginning a practice round (learners in this 
condition were also in control of feedback, though that manipulation is secondary to the present 
discussion).  Another group of participants had to practice each definition until they correctly 
recalled that definition once; a third group had to practice until they successfully recalled three 
times.  Dunlosky and Rawson’s (2015) findings accorded with the previous literature on self-
regulated dropping: learners in the self-regulated condition recalled a definition approximately 
one time before dropping it from further study; their subsequent test performance was the same 
as the one-retrieval group and worse than the three-retrieval group.  Remarkably, self-regulated 
learners could not be coaxed into repeated retrievals even after reading explicit instructions 
encouraging them to retrieve each definition three times (Experiment 2) or being offered 
monetary incentives to perform well on the final test (Experiment 3). 
Guiding learners to realize the benefits of retrieval practice 
 Dunlosky and Rawson (2015) were unable to rid learners of a one-and-done retrieval 
strategy, but other attempts to sensitize learners to the mnemonic benefits of testing have been 
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more successful.  For example, Einstein, Mullet, and Harrison (2009) sought to instill an 
appreciation for testing’s benefits via a classroom demonstration.  They had students serve as 
subjects in a replication of Experiment 1 from Roediger and Karpicke (2006b).  After viewing 
the results of the experiment, students completed a writing assignment on the in-class exercise 
and on the benefits of testing as a study strategy.  Importantly, at the end of the semester, 
students reported that they were incorporating self-testing into their study regimens more often, 
and they gave higher numerical appraisals of testing as a study strategy than they did prior to the 
in-class exercise.  
 Tullis, Finley, and Benjamin (2013) also sought to augment learners’ appreciation of 
testing’s benefits.  They argued that predicting the benefits of testing over restudy is difficult, not 
only because learners’ may not be attuned to diagnostic features of the learning environment, but 
also because the processing demands necessary to arrive at an accurate judgment may be too 
burdensome (see Fiechter, Benjamin, & Unsworth, 2016, for a more general discussion on the 
consideration of difficulty of metacognitive tasks).  For example, a learner providing 
metacognitive judgments on the benefits of restudy versus self-testing must first think back to 
previous occasions where they have engaged in those activities, and then accurately remember 
their subsequent performance.  In a series of experiments, Tullis and colleagues (2013) found 
that systematically enriching support to guide learners’ consideration of past performance on 
tested versus restudied items led to increasingly more accurate predictions of testing’s benefits.  
Learners finally predicted the benefits of testing only after the most intensive manipulation of 
support, in which they received summary performance on previous items that they had restudied 
and tested on. 
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 Ariel and Karpicke (in press) recently evaluated an intervention that aimed not only at 
increasing appreciation for testing, as the previous two studies had done, but also at encouraging 
more engagement in self-testing.  They had two groups of participants study flash cards; learners 
in both groups self-regulated their practice: over a series of practice rounds, learners made the 
choice to test, study, or drop each item on an ensuing practice round.  The only manipulation in 
this experiment was the instructions that each group received.  The control group was simply told 
to remember the items for a later test; the experimental group was told about the benefits of self-
testing over restudy, that multiple retrievals are more effective than a single retrieval, and then 
they were shown a bar graph depicting the benefits of retrieval practice over restudy.  Learners in 
the experimental group were more likely to test themselves—and less likely to drop items after 
only one successful retrieval—than learners in the control group (but see Dunlosky & Rawson, 
2015).  Likewise, performance on a final test was superior for learners in the experimental group.  
These differences in the use self-testing and on final test performance obtained one week later in 
a transfer session where all learners were given new materials and—critically—identical 
instructions. 
Experiment 9 
We were also interested in finding a technique to encourage learners to practice retrieval.  
Rather than pursue interventions that relied on raising awareness of retrieval’s benefits (Ariel & 
Karpicke, in press; Dunlosky & Rawson, 2015; Einstein et al., 2012; Tullis et al., 2013), we 
wanted to evaluate techniques that learners might spontaneously be inclined to engage more than 
standard retrieval practice.  Specifically, the scaffolded retrieval techniques that we previously 
evaluated seemed an auspicious starting point for such a technique.  Learners tend to believe that 
conditions that support fluency at the time of initial learning also support long-term learning, 
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even when the opposite is true (Baddeley & Longman, 1978; Benjamin, Bjork, & Schwartz, 
1998; Kornell & Bjork, 2008a, Simon & Bjork, 2001; Zechmeister & Shaugnessy, 1980; see also 
Schmidt & Bjork, 1992; Soderstrom & Bjork, 2015). 
To the extent that learners’ fluency-based assessments of memory techniques correspond 
to their level of engagement in those techniques, we suspected that a scaffolded schedule—which 
promotes retrieval success, and therefore presumably fluency as well—may entice learners to 
practice retrieval for longer.  We also hoped that learners’ primary use of tests as knowledge 
assessments might work to DCRP’s advantage.  Recall that only by the end of DCRP do learners 
attempt a full retrieval.  If learners are concerned about their ability to retrieve an item with no 
cues to aid their recall, then that concern will incentivize them to engage in DCRP for the entire 
possible duration of practice, when they can finally attempt an unassisted retrieval. 
We did have one major concern for allowing learners to self-regulate DCRP: while we 
hoped that the increased fluency engendered by DCRP could be harnessed to encourage learners 
to practice for longer, that increased fluency might also foster illusions of competence (Koriat & 
Bjork, 2005) and therefore result in premature item dropping.  That is, learners practicing with 
DCRP may struggle to envision the future test environment during practice while in the presence 
of assisting letters.  Failure to accurately construe future test conditions may inflate confidence to 
the degree that learners erroneously consider items sufficiently encoded and then proceed to drop 
them from further practice.  In contrast, self-testing learners would be practicing in the same 
environment as their upcoming test; this match between practice and test conditions could 
therefore be advantageous for learners practicing standard retrieval. 
If the enhanced retrieval success of DCRP translated to higher JOLs, or if learners place 
primary importance on attempting a full retrieval to assess how well an item is learned, then we 
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anticipated that learners practicing with DCRP would be less likely to drop items than learners 
practicing retrieval.  However, if learners were not very concerned with making a full retrieval, 
and enhanced retrieval success inflated their JOLs, then we expected item dropping in the DCRP 
condition to not be any less likely than in standard retrieval practice. 
Method 
 Subjects.  Participants were 62 students from an introductory psychology course who 
participated in exchange for partial course credit.  We selected this particular number of 
participants based on a power analysis aimed at replicating, with 80% success, the smallest effect 
size between Kornell and Bjork’s (2008b) drop and no-drop conditions across their four 
experiments. 
 Design.  We used a 2 (practice condition: DCRP vs. standard retrieval practice) x 2 (item 
dropping: allowed or not) mixed design.  Practice condition was manipulated between subjects 
and item dropping was manipulated within subjects. 
 Materials.  Stimuli were the 12 English-Iñupiaq word pairs from Finley et al. (2011). 
 Procedure.  All subjects initially studied the word pairs three times in the same 
randomized order.  They then completed a 60-second distractor before beginning the practice 
phase.  Prior to beginning practice, subjects in the DCRP condition were instructed that letters 
would be randomly omitted from the Iñupiaq targets over the course of practice; as part of their 
instructions, subjects in the DCRP condition were also shown a schematic of how word pairs 
would evolve as practice progressed.   
The practice phase consisted of six rounds.  Following each retrieval attempt, subjects 
were prompted to provide a judgment of learning (JOL), from 0 to 100, indicating their 
confidence that they would successfully retrieve, in 24 hours, the item they had just practiced.  
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For half the items, the JOL prompt was followed by another prompt asking subjects if they 
wanted to continue practicing the item they had just practiced.  Participants were informed that 
dropping an item meant they would not see it again until the test phase.  The practice order of the 
items was arranged so that, initially, each half of each round was comprised of three “no-drop” 
and three “drop” items.  The order of the items within each half was randomly determined.  Each 
subsequent round of practice consisted of a newly randomized arrangement of each half, with 
some items removed if subjects had elected to drop them.  The first session ended once subjects 
had completed all six rounds of practice.   
Subjects returned to the lab 24 hours later to complete the test, where they were provided 
with each English cue and asked to provide the corresponding Iñupiaq target.  Following this 
final test, all subjects were thanked and debriefed.  
Results 
 Test performance.  Performance data as a function of practice condition and item 
dropping are presented in Figure 10.  For subjects in the DCRP condition, they correctly recalled 
0.58 (SD = 0.25) items from the no-drop condition and 0.41 (SD = 0.34) the items from the drop 
condition, B10 = 98.74.  For subjects in the standard retrieval practice condition, they correctly 
recalled 0.67 (SD = 0.27) items from the no-drop condition and 0.49 (SD = 0.36) of the items 
from the drop condition, B10 = 21.37.  Furthermore, performance detriments from dropping items 
in the DCRP condition (M = 0.17, SD = 0.23) were no different from the retrieval practice 
condition (M = 0.18, SD = 0.29), B10 = 0.26.  Thus, allowing learners to drop items impaired 
retention in both practice conditions, and this impairment was approximately the same for both 
groups of learners.  Finally, differences in performance between the DCRP and retrieval practice 
condition weakly supported the null for both no-drop (B10 = 0.57) and drop items (B10 = 0.39). 
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Judgments of learning.  We next examined subjects’ JOLs for no-drop items.  These 
data are presented in Figure 11.  Mean JOLs collapsed across practice round in the retrieval 
practice condition (M = 45.22, SD = 33.64) were approximately the same as the DCRP condition 
(M = 40.50, SD = 26.70), B10 = 0.34.  The pattern of JOLs in Figure 10 seem to indicate an 
interaction such that JOLs were initially higher in the DCRP condition but higher for tested items 
at the end of practice.  To test for this interaction, we compared the fit of a linear model that 
included effects of condition, practice round, and an interaction term to a model that did not have 
an interaction.  The full model fit the data better (B10 = 3.14), suggesting that an interaction was 
indeed present.  We also assessed JOL calibration by taking the difference of each subject’s JOL 
in the sixth round of practice minus final test performance.  Calibration in the retrieval practice 
condition (M = −0.10, SD = 0.32) was approximately the same as in the DCRP condition (M = 
−0.14, SD = 0.30), B10 = 0.29. 
JOLs and practice performance for drop items are displayed in Figure 12.  Importantly, 
only items that had not been dropped from practice are contributing to each observation in 
practice rounds 2–6.  Despite these item selection effects, the JOL data exhibited the same 
pattern as no-drop items.  Overall JOLs in the retrieval practice condition (M = 40.74, SD = 
31.51) were approximately the same as in the DCRP (M = 41.30, SD = 26.43) condition, B10 = 
0.12.  However, evidence for the condition by practice round interaction was quite weak, B10 = 
1.27.  For comparability with no-drop items, we also assessed JOL calibration for items that were 
practiced for all six rounds.  Calibration in the retrieval practice condition (M = −0.01, SD = 
0.39) was once again similar to calibration in DCRP condition (M = −0.17, SD = 0.41), B10 = 
0.56.  For dropped items, however, calibration in the retrieval practice condition (M = 0.03, SD = 
0.34) was superior to that in the DCRP condition (M = 0.25, SD = 0.46), B10 = 3.40.  See Table 4 
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for final practice performance, test performance, and JOL as a function of when items were 
dropped. 
Number of rounds practiced.  Subjects’ average number of practice rounds for items in 
the drop condition are presented in Figure 13.  Learners in the DCRP condition (M = 4.22, SD = 
1.89) practiced items for approximately the same number of rounds as subjects in the retrieval 
practice condition (M = 3.82, SD = 1.70), B10 = 0.36.  We found convincing evidence that drop 
items were practiced less than no-drop items in both the retrieval practice (B10 = 2.35×105) and 
DCRP conditions (B10 = 1920.85). 
Item dropping.  Number of items dropped in each practice condition by practice round 
are displayed in Table 5.  The number of items dropped in each round was similar across the two 
practice conditions; analyses of all comparisons supported the null to varying degrees (see Table 
5 for Bayes Factors.)  Also apparent from these data is that most dropping occurred in the first 
round of practice. 
Discussion 
 Learners are not inclined to practice DCRP for longer than standard retrieval practice.  It 
appears that DCRP fostered illusions of competence (Koriat & Bjork, 2005): JOLs among 
dropped items in the DCRP condition were inflated relative to eventual test performance, 
suggesting that learners failed to account for future test conditions when no letter assistance 
would be provided.  In contrast, final JOLs for items dropped in the retrieval practice condition 
were quite reflective of eventual test performance (a difference of only 0.03 between average 
JOL and final test performance).  While judgments were inflated in the DCRP condition, the 
magnitude of these JOLs was quite modest.  For example, items dropped in the first round of 
practice received an average JOL of only 51—learners considered final recall probable, but by 
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the slimmest of margins.  Kornell and Bjork (2008b) also found that learners’ JOLs prior to 
dropping tended to be of modest magnitude.  They hypothesized that learners stop practicing 
when they feel that additional practice will not be beneficial (see also Kornell & Bjork, 2009), 
even if they are uncertain whether an item will be recalled on a final test.  The same may have 
been true for our participants. 
We appear to have over-estimated the extent to which fluency would contribute to JOLs.  
Even if fluency played a role at some point in practice, the bases for JOLs have been shown to 
change as practice progresses.  For example, Koriat (1997) showed that the bases for learners’ 
JOLs changed as they gained practice experience with stimuli.  Specifically, early on in practice, 
learners make theory-based judgments which are reflective of properties intrinsic to the items, 
such as word concreteness or frequency.  However, as practice progresses, learners’ judgments 
become experience-based, and now reflect properties of a learner’s idiosyncratic experience with 
an item, such as the availability of a target word or previous recall performance (see Finn & 
Metcalfe, 2007; 2008).  Using paired associates, Koriat (1997; Experiment 2) showed that 
gamma correlations (Nelson, 1984) between JOLs and association strength systematically 
declined over four study-test cycles while gamma correlations between JOLs and final recall 
increased, suggesting that learners were increasingly relying on internal mnemonic cues as 
practice progressed.  Furthermore, this transition from theory-based to experience-based JOLs 
was not evident after repeated restudy (see also Karpicke, 2009).  Elements of the practice 
environment that pertain to item presentation, such as restudy exposures, are considered extrinsic 
factors and tend to be discounted when learners make judgments.  Koriat’s (1997) findings 
predict the JOL pattern that we observed in Experiment 9: In the retrieval practice condition, 
learners relied on their increasing retrieval success at each successive round of practice; in the 
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DCRP condition, learners also relied on retrieval success as a basis for their JOLs, but for these 
subjects, retrieval success was staying constant even though the level of assistance necessary to 
achieve this stasis—an extrinsic factor—was diminishing. 
Experiment 10 
Importantly, we conducted Experiment 9 prior to developing the ACRP technique and so 
did not consider that technique’s potential for encouraging self-regulated practice.  ACRP shares 
with DCRP the benefit of enhanced retrieval success during practice.  Unlike DCRP, ACRP 
never trades off effortful retrieval with retrieval success.  For example, the early stages of DCRP 
require little retrieval effort because assistance is offered immediately; ACRP consistently forces 
learners to attempt a full retrieval prior to receiving assistance.  This consistently effortful 
retrieval may prevent inflated JOLs. 
Sitzman, Rhodes, and Kornell (2016, Experiment 4) evaluated learners’ JOLs when 
engaged in ACRP.  Participants in their experiment studied word pairs and engaged in ACRP 
during a subsequent practice phase.  Sitzman et al. (2016) found that JOLs systematically 
decreased in magnitude as more cuing was necessary (and thus more incorrect responses were 
made) to retrieve the target words.  Additionally, JOLs were suppressed relative to actual test 
performance for items that required multiple responses.  These findings suggest that ACRP will 
yield less inflated JOLs than did DCRP; we therefore expected learners to be less likely to drop 
items from practice in the ACRP condition. 
The purpose of Experiment 10 was to evaluate learners’ self-regulated dropping of 
ACRP.  Experiment 10 was therefore similar to Experiment 9 but with the ACRP condition in 
lieu of the DCRP condition.  We anticipated that we would replicate the JOL magnitudes and 
calibration observed in Experiment 9 for standard retrieval practice.  Additionally, we expected 
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ACRP to yield less inflated JOLs than DCRP did in Experiment 9 for the reasons discussed 
above.  If JOLs were in fact better calibrated in ACRP relative to DCRP—particularly in the 
early stages of practice—then we would expect to see less item dropping in ACRP relative to 
standard retrieval practice.  
Method 
Subjects.  We collected data for Experiment 10 until one of the following two stopping 
criteria were met: 1) we obtained a Bayes Factor for all comparisons of interest that exceeded 3 
or was less than 1/3, or 2) a pre-determined end date—October 31, 2017—was reached.  Our 
first stopping criterion involves optional stopping, or the cessation of data collection upon 
achieving a desired result.  Optional stopping is undesirable if analyzing data with NHST (e.g., 
Simmons, Nelson, & Simohnson, 2011), but is acceptable if using Bayesian statistics (Rouder, 
2014). 
We ended up collecting data until our predetermined end date.  Participants were 73 
students from an introductory psychology course who participated in exchange for partial course 
credit.  Thirty-seven participants were assigned to the ACRP condition and 36 to the retrieval 
practice condition. 
 Materials.  Stimuli for Experiment 10 were the 12 English-Iñupiaq pairs from Finley et 
al. (2011).  
 Design.  Experiment 10 used a 3 (Practice condition: DCRP vs. ACRP vs. retrieval 
practice) x 2 (item dropping: allowed or not) mixed design.  Practice condition will be 
manipulated between subjects.  Our dependent variables in this experiment were learners’ test 
performance, JOLs, and rounds of practice. 
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 Procedure.  The procedure for Experiment 10 was similar to Experiment 9, with the 
exception that our scaffolded retrieval condition was now ACRP and not DCRP, and that 
feedback was only provided in the retrieval practice condition.  Subjects first studied the 
English-Iñupiaq pairs three times, with each block of study consisting of the same random 
presentation order.  They then completed a 60-second distractor task before beginning the 
practice phase.  Practice consisted of 6 rounds; item presentation during practice was structured 
identically to that used in Experiment 9.  Following each practice trial, learners were prompted to 
make a JOL from 0 to 100 indicating how confident they were that they would be able to retrieve 
the most recently practiced item in 24 hours.  For initially half of the items, learners were asked 
if they wanted to drop the most recently presented item from further practice.  After the 
completing the practice phase, learners returned 24 hours later to take a final test. 
Results 
 Unless otherwise indicated, all analyses were pre-registered prior to us viewing the data.  
The pre-registration document can be viewed at the following link: https://osf.io/fpb7k/. 
 Test performance.  Test performance as a function of practice condition and item 
dropping is presented in Figure 14.  Subjects in the ACRP condition correctly recalled 0.49 of 
items (SD = 0.33) from the no-drop condition and 0.32 of items (SD = 0.33) from the drop 
condition, B10 = 8.94.  Subjects in the standard retrieval practice condition correctly recalled 0.55 
(SD = 0.32) of items from the no-drop condition and 0.43 of items (SD = 0.32) of the items from 
the drop condition, B10 = 3.73.  Furthermore, performance detriments from dropping items in the 
ACRP condition (M = 0.16, SD = 0.34) were no different from the retrieval practice condition (M 
= 0.13, SD = 0.27), B10 = 0.32.  Thus, allowing learners to drop items impaired retention in both 
practice conditions, and this impairment was approximately the same for both groups of learners.  
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Finally, differences in performance between the ACRP and retrieval practice condition supported 
the null hypothesis for no-drop (B10 = 0.30) and, less convincingly, for drop items (B10 = 0.64). 
Judgments of learning.  We next examined subjects’ JOLs for no-drop items.  These 
data are presented in Figure 15.  Overall JOLs collapsed across practice round in the retrieval 
practice condition (M = 47.81, SD = 32.05) were higher than in the ACRP condition (M = 36.55, 
SD = 29.33), B10 = 119.31.  To test for a JOL by practice round interaction like the one we 
observed in Experiment 9, we compared the fit of a linear model that included effects of 
condition, practice round, and an interaction term to a model that did not have an interaction.  
The full model did not fit the data better (B10 = 0.32), suggesting that an interaction was not 
present in this experiment.  We also assessed JOL calibration by taking the difference of each 
subject’s JOL in the sixth round of practice minus final test performance.  Calibration in the 
retrieval practice condition (M = 0.07, SD = 0.32) was approximately the same as in the ACRP 
condition (M = −0.03, SD = 0.32), B10 = 0.29. 
JOLs and practice performance for drop items are displayed in Figure 16.  For 
completeness, we present these data, though we once again note that item-selection effects may 
cloud their interpretation and that these analyses were therefore not pre-registered.  Overall JOLs 
in the retrieval practice condition (M = 43.52, SD = 30.55) were higher than in the ACRP 
condition (M = 32.77, SD = 25.72), B10 = 39.15.  As was the case for no-drop items, we once 
again did not observe a practice round by practice condition interaction, B10 = 0.22.  For 
comparability with no-drop items, we also assessed JOL calibration for items that were practiced 
for all six rounds.  Calibration in the retrieval practice condition (M = 0.07, SD = 0.32) was 
numerically more inflated than in the ACRP condition (M = −0.15, SD = 0.35), but the Bayes 
Factor provided only weak support for the alternative, B10 = 1.84.  For dropped items, calibration 
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in the retrieval practice condition (M = 0.08, SD = 0.37) was similar to that in the ACRP 
condition (M = 0.11, SD = 0.30), B10 = 0.23.  See Table 6 for final practice performance, test 
performance, and JOL as a function of when items were dropped. 
  Number of rounds practiced.  Subjects’ average number of practice rounds for items in 
the drop condition are presented in Figure 17.  Learners in the ACRP condition (M = 3.45, SD = 
1.96) practiced items for approximately the same number of rounds as subjects in the retrieval 
practice condition (M = 3.75, SD = 1.85), B10 = 0.29.  Not surprisingly, we found convincing 
evidence that drop items were practiced less than no-drop items in both the ACRP (B10 = 
2.75×108) and retrieval practice conditions (B10 = 2.18×107). 
Item dropping.  Number of items dropped in each practice condition by practice round 
are displayed in Table 7.  The number of items dropped in each round was similar across the two 
practice conditions; analyses of all comparisons supported the null to varying degrees (see Table 
5 for Bayes Factors.)  Also apparent from these data is that most dropping occurred in the first 
round of practice, just as in Experiment 9. 
Discussion 
 Learners practiced items the same amount regardless of whether they self-tested or 
engaged in ACRP.  Consequently, we found no performance differences between the two 
practice conditions when learners were allowed to drop items from practice.  Based on findings 
from Sitzman et al. (2016), we anticipated that JOLs in the ACRP condition would be lower than 
in the retrieval practice condition.  Judgments were in fact lower for both drop and no-drop 
items, but this reduction in magnitude was not enough to prevent inflation in the early stages of 
practice; consequently, learners’ JOLs for items dropped in the first round were overly optimistic 
in the ACRP condition.  Thus, just as was the case for DCRP in Experiment 9, ACRP also 
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appeared to foster illusions of competence (Koriat & Bjork, 2005) in the early goings of practice, 
and premature dropping ensued. 
Scaffolded Retrieval and Self-Regulated Learning 
 In Experiment 9, we evaluated whether DCRP might encourage more self-regulated 
retrieval practice than standard self-testing.  We had two reasons to suspect that DCRP might 
have this effect: 1) the enhanced retrieval success under DCRP might suggest to learners that it is 
also an effective method, and 2) knowing that learners tend to use self-testing as a means of 
assessing their knowledge, we anticipated that our subjects might practice items with DCRP until 
the end of practice, where they would finally have the opportunity to attempt an unaided 
retrieval.  As it turned out, neither of those features of DCRP resulted in more self-regulated 
retrieval practice.  Rather, it appears that DCRP inflated assessments of learning and therefore 
led to just as much premature dropping as in standard retrieval practice. 
 Experiment 10 was identical to Experiment 9, except our scaffolded retrieval technique 
was now ACRP and not DCRP.  We suspected that ACRP would mitigate the issue of premature 
dropping resulting from inflated JOLs, which we suspected was the case for DCRP.  We did in 
fact find that JOLs in the ACRP condition were lower than in standard retrieval practice, and we 
also observed a trend in calibration such that JOLs in the ACRP condition tended to be slightly 
underconfident while JOLs in the retrieval practice condition tended to be slightly overconfident.  
However, JOLs for items dropped in the early stages of practice were inflated in the ACRP 
condition; consequently, we once again found that learners dropped items from practice just as 
much with ACRP as they do with standard retrieval practice. 
 It thus appears that learners’ use of self-testing as a means of assessing, rather than 
enhancing, learning is a difficult habit to correct.  When practice performance is facilitated, 
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learners appear to use this enhanced retrieval success to justify cessation of practice, rather than 
to spur them to more retrieval attempts.  It is additionally interesting to note that, even when 
learners are not retrieving a complete word, they still drop items from practice following a 
successful partial retrieval.  This finding hints that learners’ understanding of testing is perhaps 
even more naïve than survey data suggests: not only are learners erroneously inclined to employ 
testing solely as a means of assessing knowledge, they furthermore incorrectly use testing for 
this narrow-sighted purpose, ostensibly judging an item to be sufficiently learned even after a 
cue-supported retrieval.   
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CHAPTER 5: GENERAL DISCUSSION 
 
 Our experiments in Chapter 1 suggested that DCRP, a scaffolded retrieval regimen that 
encourages learners to retrieve information with progressively less cue support, extended the 
benefits of testing to situations in which testing is normally ineffective.  Specifically, when initial 
retrievability of items was less than 50% and learners were not provided feedback, we observed 
no memory enhancement for testing relative to restudy, but we found substantial benefits for 
DCRP.  We next evaluated a learner-adaptive technique, ACRP, that allowed learners to retrieve 
each item with the least amount of cuing necessary to successfully remember each item.  The 
flexible cuing of ACRP proved to be an asset: ACRP extended the benefits of testing to 
situations in which a testing effect was not apparent; furthermore, ACRP outperformed DCRP 
under these difficult conditions, and—in one experiment—even benefited memory relative to 
retrieval practice when feedback was provided.  Finally, we assessed whether our two scaffolded 
retrieval schedules enhanced self-regulated learning in an item-dropping paradigm.  In these 
experiments, both DCRP and ACRP resulted in drop decisions that ultimately hurt retention, but 
no more than in standard retrieval practice.  Item dropping in both of our scaffolded retrieval 
practice conditions appeared to be driven by inflated assessments of learning in the early stages 
of practice. 
The benefits and limitations of feedback 
 With the exception of Experiment 9, DCRP and ACRP both benefitted memory to 
approximately the same extent as retrieval practice when feedback was provided.  Thus, some 
might argue that we should simply recommend that learners be sure to provide themselves with 
feedback when they engage in self-testing (a habit that many learners already practice).  
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Retrieval practice with feedback is built in to real-life study strategies such as practicing with 
flashcards—it could be the case that incorporating either DCRP or ACRP into, for example, 
classroom learning would require more resources but yield approximately the same benefits to 
learning.   
It is important to keep in mind, however, that our experiments all used simple stimuli (i.e. 
word pairs) whose misremembering was easily rectified by provision of feedback.  Learning as it 
occurs in daily life requires consumption of more complex material than was used in our 
experiments; we suspect that encoding of these materials would likewise not be as facilitated by 
provision of feedback as would a simple word pair.  For example, Rawson and Dunlosky (2007; 
see also Dunlosky & Rawson, 2012; 2015) had learners self-test on term-definition pairs from an 
introductory psychology textbook.  After providing a definition for a given term, learners were 
then asked to assess the correctness of their definitions; some subjects were able to view the 
correct definition (i.e. they received feedback) while others were not.  Learners who could view 
the correct information provided more accurate self-assessments than learners who could not, but 
even this more accurate group still provided substantially inflated judgments.  The fact that 
learners who were given feedback were still quite poor at assessing the extent to which their own 
definition varied from the correct one suggests that learners’ processing of the feedback was 
deficient in some way.  Rawson and Dunlosky (2007) proposed an incompetence hypothesis to 
explain their data: learners are unable to effectively detect inconsistencies between self-
generated information and objectively correct information.  Scaffolded retrieval might facilitate 
the consumption of feedback by focusing learners’ attention on manageable amounts of 
information (for example, in the case of term-definition pairs, learners need only initially attend 
to feedback pertaining to the circumscribed portion of the definition they were asked to retrieve).  
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If this is indeed the case, then we should observe benefits of scaffolded retrieval over standard 
retrieval practice even when feedback is provided. 
The value of errors during learning 
 We previously described data from Kornell et al. (2009) that suggests errors during 
retrieval practice actually serve as powerful learning events if they are followed up with 
corrective feedback.  Our data also speak to the value of errors during practice: ACRP, which 
potentially yields the most errors, consistently resulted in numerically higher performance over 
standard retrieval practice, which in turn produced more errors—and a consistent numerical 
advantage—relative to DCRP.  Thus, in studies that included feedback, these three conditions 
enhanced retention to the extent that they also produced errors.  On one hand, this trend speaks 
against so-called errorless learning regimens (which have a checkered record for enhancing 
memory, even in amnesic and aphasic populations that would seemingly stand to benefit greatly 
from them; see Middleton & Schwartz, 2012, for a review).  However, the reduced errors in 
DCRP incur surprisingly few costs to long-term retention, and so techniques like DCRP that 
reduce the amount of retrieval errors merit further investigation, particularly if learners tend to 
prefer techniques that result in fewer errors. 
 In addition to the number of errors generated by each practice schedule, we can also 
consider the timing of error correction in each of our retrieval-based practice schedules.  
Standard retrieval practice and DCRP both force learners to wait until a subsequent practice 
round to generate a corrected response after receiving feedback; ACRP permits learners to 
generate corrected responses immediately.  These differences in the timing of error correction 
may partly explain the consistent numerical advantage of ACRP over the other two conditions.  
However, this possibility seems at odds with studies on the timing of feedback, as delayed 
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provision of feedback tends to enhance retention more than immediate feedback (Guzman-
Munoz & Johnson, 2007; Kulhavy & Anderson, 1972; Kulik & Kulik, 1988; Metcalfe, Kornell, 
& Finn, 2009, Experiment 1; but see Butler, Karpicke, & Roediger, 2007; Metcalfe et al., 2009, 
Experiment 2).  Whether generating a corrected response is a distinct aspect of error correction 
apart from receiving corrective feedback, and therefore may differ in terms of optimal timing, 
remains to be seen. 
Benefits and drawbacks of scaffolded retrieval practice 
 Critically, both DCRP and ACRP are effective in situations where testing is normally 
ineffective, and both are at least as effective as testing in situations where we found our strongest 
testing effects.  The additional flexibility of ACRP yields greater accuracy than does DCRP 
under difficult learning conditions—in terms of test performance, our experiments suggest that 
ACRP is the superior scaffolding technique.  However, practice regimens can also be assessed 
for the efficiency with which they foster learning (e.g., Pavlik & Anderson, 2008; Tullis et al., 
2017); in consideration of efficiency, our data suggest that DCRP appears to enhance learning in 
less time than either ACRP or standard retrieval practice.  For example, in Experiment 7B (our 
only experiment with a comparison of all three of our retrieval-based practice regimens) the 
average median time spent on each practice trial was 5.38 seconds (SD = 2.20) in the DCRP 
condition, 6.04 seconds (SD = 2.59) in the retrieval practice condition, and 12.53 seconds (SD = 
7.34) in the ACRP condition.  (For the difference in practice time between the latter two 
conditions and DCRP, B10 = 6.19 and 2.29 × 108, respectively.)  Thus, while ACRP resulted in 
numerically superior performance, both standard retrieval practice and DCRP took half the study 
time.  The fact that learners can complete twice as much practice in DCRP and standard retrieval 
practice suggests that performance might be enhanced in those conditions relative to ACRP if 
85 
 
learners were given a fixed amount of study time, rather than a fixed number of study rounds.  
We might also be able to enhance the efficiency of the ACRP schedule by limiting the amount of 
cuing that learners receive before practice proceeds to another item.  Recall from Chapter 3 that 
more time on task in ACRP relative to DCRP and standard retrieval practice did not enhance 
retention in the ACRP condition relative to those other two conditions (see Table 3); to the extent 
that time on task is tied to receipt of excessive cue support in ACRP, this finding suggests that 
ACRP would be more efficient and just as beneficial if it were revised so that learners were 
limited in the maximum amount of cuing that they could receive. 
 In addition to mnemonic enhancement and efficiency, we can also evaluate our 
scaffolded schedules in terms of their appeal to learners during self-regulated practice.  As noted 
before, learners tend to drop items from standard retrieval practice too soon (e.g., Karpicke, 
2009); Experiments 9 and 10 revealed that this problematic tendency is not mitigated by either 
DCRP or ACRP.  In fact, both of our scaffolded schedules inflated JOLs in the early stages of 
practice relative to standard retrieval practice, which encouraged premature dropping of items 
from further practice.  Clearly, the DCRP and ACRP schedules do not encourage more judicious 
decision-making when learners are self-regulating their termination of retrieval practice, though 
we also found no convincing evidence that learners’ decisions were worse than with standard 
retrieval practice.  Given that most learning in daily life is self-regulated, the question of how to 
improve learners’ decisions regarding when to terminate practice is important and merits further 
consideration. 
Retrieval practice is a powerful means of enhancing retention, but it can be costly when 
learning conditions are extremely difficult.  The present experiments support the notion that 
scaffolding retrieval demands when they would otherwise be excessively challenging is an 
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effective means of preserving the benefits of testing while reducing the costs.  Practice schedules 
that incorporate scaffolded and learner-adaptive cuing should help to promote the role of 
retrieval in educational practice and other learning applications. 
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TABLES AND FIGURES 
 
Table 1  
Summary of the experiments in Chapter 2 in terms of number of study rounds, number of 
practice rounds, provision of feedback, retention interval, and sample size.  Superscripts indicate 
the stimuli used—English-Iñupiaq word pairs (1), low-association English word pairs (2) and 
Swahili-English word pairs (3). 
 
Experiment # Study # Practice Feedback RI N 
1A1 3 6 No 10 min 60 
1B1 3 6 No 24 hours 60 
1C1 3 6 No 1 week 66 
1D1 3 3 No 24 hours 68 
1E2 1 1 No 24 hours 64 
2A3 2 2 No 24 hours 66 
2B3 1 or 3 2 No 24 hours 184 
3A1 1 3 Yes 24 hours 66 
3B1 1 3 Yes 24 hours 60 
3C2 1 1 Yes 24 hours 63 
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Table 2 
Summary of the experiments in Chapter 3 in terms of number of provision of feedback, sample 
size, and included conditions.  From left to right, the four rightmost columns indicate whether 
diminishing-cues retrieval practice (DCRP), adaptive-cues retrieval practice (ACRP), standard 
retrieval practice (RP), and restudy (S) were included in a particular experiment.  All 
experiments used 3 study rounds and English-Iñupiaq pairs as stimuli. 
 
Experiment # Study Feedback N DCRP ACRP RP S 
4A 1 No 58   x x x 
4B 1 Yes 55   x x x 
5A 6 No 62   x x x 
5B 6 Yes 69   x x x 
6A 6 No 58 x x     
6B 6 Yes 57 x x     
7A 6 No 60 x x     
7B 6 Yes 63 x x x   
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Table 3 
Pearson r values for correlations between differential time on task and differential final test 
performance in Experiments 4A–7B.  Each coefficient was obtained from differential values 
between the condition in the row header and the ACRP condition. 
Exp. Ret. Prac. Restudy DCRP 
4A -0.20 -0.43 -- 
4B -0.10 -0.25 -- 
5A  0.14 -0.14 -- 
5B -0.24 -0.27 -- 
6A -- -- -0.36 
6B -- -- -0.32 
7A -- -- -0.15 
7B -0.35 -- -0.41 
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Table 4   
Mean performance on final practice trial, performance on the final test, and JOL for drop items 
in Experiment 9 (standard deviation in parentheses).  JOLs are divided by 100 for comparability.  
Rounds 2–5 are collapsed to ensure a sufficient number of observations. 
    Final round of practice 
    1 2–5 6 
  Practice 1.00 (0.00) 0.83 (0.37) 0.69 (0.26) 
DCRP Test 0.13 (0.28) 0.33 (0.43) 0.56 (0.26) 
  JOL 0.51 (0.36) 0.47 (0.35) 0.45 (0.27) 
          
  Practice 0.35 (0.46) 0.62 (0.45) 0.74 (0.27) 
Ret. prac. Test 0.23 (0.32) 0.59 (0.43) 0.67 (0.28) 
  JOL 0.38 (0.38) 0.56 (0.41) 0.58 (0.35) 
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Table 5   
Number of items dropped by practice condition and practice round in Experiment 9 (standard 
deviation in parentheses).  Bayes Factors for each practice group comparison are reported in 
the bottom row. 
  Practice Round 
  1 2 3 4 5 
DCRP 1.42 (1.82) 0.42 (0.85) 0.48 (0.89) 0.23 (0.56) 0.03 (0.18) 
Ret. Prac. 1.39 (1.80) 0.84 (1.39) 0.48 (1.15) 0.39 (0.76) 0.58 (1.23) 
B10 0.26 0.61 0.26 0.38 0.26 
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Table 6   
Mean performance on final practice trial, performance on the final test, and JOL for drop items 
in Experiment 10 (standard deviation in parentheses).  JOLs are divided by 100 for 
comparability.  Rounds 2–5 are collapsed to ensure a sufficient number of observations. 
    Final round of practice 
    1 2–5 6 
  Practice 0.10 (0.19) 0.23 (0.28) 0.46 (0.36) 
ACRP Test 0.05 (0.15) 0.35 (0.45) 0.59 (0.34) 
  JOL 0.25 (0.26) 0.41 (0.28) 0.44 (0.34) 
          
  Practice 0.15 (0.19) 0.31 (0.30) 0.47 (0.35) 
Ret. prac. Test 0.20 (0.34) 0.39 (0.45) 0.52 (0.37) 
  JOL 0.22 (0.27) 0.51 (0.40) 0.59 (0.32) 
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Table 7   
Number of items dropped by practice condition and practice round in Experiment 10 (standard 
deviation in parentheses).  Bayes Factors for each practice group comparison are reported in 
the bottom row. 
  Practice Round 
  1 2 3 4 5 
ACRP 1.97 (2.05) 0.95 (1.20) 0.35 (0.89) 0.24 (0.68) 0.11 (0.31) 
Ret. Prac. 1.69 (2.05) 0.67 (1.31) 0.50 (1.00) 0.33 (0.72) 0.19 (0.52) 
B10 0.28 0.36 0.29 0.27 0.33 
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Figure 1.  Test performance as a function of practice condition in Experiment 1A (A), 1B (B), 
1C (C), 1D (D), and 1E (E).  Error bars indicate the 95% within-subject confidence interval 
(Loftus & Masson, 1994).  
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Figure 2.  Test performance as a function of the retention intervals used in Experiments 1A–1C. 
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Figure 3.  Test performance as a function of practice condition in Experiment 2A (A) and as a 
function of practice condition and study presentations in Experiment 2B (B).  Error bars indicate 
the 95% within-subject confidence interval. 
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Figure 4.  Test performance as a function of practice condition in Experiment 3A (A), 3B (B), 
and 3C (C).  Error bars indicate the 95% within-subject confidence interval. 
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Figure 5.  Test performance as a function of practice condition in Experiments 4A (A) and 4B 
(B).  Error bars indicate the 95% within-subject confidence interval. 
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Figure 6.  Test performance as a function of practice condition in Experiments 5A (A) and 5B 
(B).  Error bars indicate the 95% within-subject confidence interval. 
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Figure 7.  Test performance as a function of practice condition in Experiments 6A (A) and 6B 
(B).  Error bars indicate the 95% confidence interval for the within-subject difference between 
each condition. 
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Figure 8.  Test performance as a function of practice condition in Experiments 7A (A) and 7B 
(B).  Error bar in (A) indicate the 95% confidence interval for within-subject differences between 
conditions.  Error bar in (B) indicate the within-subject 95% confidence interval. 
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Figure 9.  Test performance following ACRP (upper panel), standard retrieval practice (middle 
panel), and restudy (lower panel).  Open circles indicate each subject’s average performance.  
Black crossed lines indicate group means.  The fitted functions are constructed from the median 
values for the estimated a (initial learning) and c (forgetting rate) parameters.  
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Figure 10.  Test performance as a function of practice condition and item droppability in 
Experiment 9.  Error bars indicate the 95% confidence interval for each group mean. 
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Figure 11.  Performance and JOLs as a function of practice round and practice condition in 
Experiment 9.  JOL values are divided by 100 for comparison with practice performance.  Only 
items in the no-drop condition are included in this plot.  
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Figure 12.  Performance and JOLs as a function of practice round and practice condition in 
Experiment 9.  JOL values were divided by 100 for comparison with practice performance.  Only 
items in the drop condition are included in this plot.  
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Figure 13.  Average number of practice rounds for droppable items as a function of practice 
condition in Experiment 9.  Error bars indicate the 95% confidence interval for each group mean. 
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Figure 14.  Test performance as a function of practice condition and item droppability in 
Experiment 10.  Error bars indicate the 95% confidence interval for each group mean. 
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Figure 15.  Performance and JOLs as a function of practice round and practice condition in 
Experiment 10.  JOL values are divided by 100 for comparison with practice performance.  Only 
items in the no-drop condition are included in this plot.  
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Figure 16.  Performance and JOLs as a function of practice round and practice condition in 
Experiment 10.  JOL values were divided by 100 for comparison with practice performance.  
Only items in the drop condition are included in this plot.  
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Figure 17.  Average number of practice rounds for droppable items as a function of practice 
condition in Experiment 10.  Error bars indicate the 95% confidence interval for each group 
mean. 
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